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Editorial on the Research Topic

Genetic Regulatory Mechanisms Underlying Developmental Shifts in Plant Evolution

The origin and evolution of land plants was accompanied by major macroevolutionary changes,
including profound shifts in reproductive processes. Originally, plants were heavily dependent on
water for gamete transfer, while later on, male gametes were dispersed by wind or animals within
highly reduced gametophytes. Over time, female gametophyte development was internalized and
sperm motility was lost, requiring a sperm delivery system reaching deep into the maternal tissues
inside a megasporangium that evolved into the ovule in seed plants. Moreover, seed plant embryos
became protected within the seed, which contains a nutritional start-up package for the next
generation. In flowering plants, both gamete- and seed-dispersal mechanisms diversified. A carpel
surrounded the ovules requiring fertilization to occur internally and endosperm developed with the
embryo as a result of double fertilization, presumably reducing the risk of allocating resources to
inviable seeds. Flowers developed unlimited displays for pollination, involving mostly variations in
perianth presentation that include elaborate coloration and symmetry changes. Finally, as carpels
mature into fruits, they showcase a wide array of forms that guarantee optimal seed dispersal.

Elaboration of the vegetative phase of land plants also played a major role in their evolution
and habitat adaptation. For instance, fixed multicellularity in the diploid phase of the life cycle (i.e.,
embryo formation) marks the transition to land. Embryo patterning required the diversification of
cell types, the polarization of stem cell niches in the diploid axis and the occurrence of lateral organs
in response to auxin peaks to form leaf primordia. In the sporophyte, leaves develop from the Shoot
Apical Meristem (SAM) achieving extreme morphological variation. Roots developing from a Root
Apical Meristem (RAM) provided anchoring to the substrate and access to nutrients and water
becoming another key innovation of the independent sporophyte. In parallel, the exposure to new
environments triggered new symbiotic interactions.

Central genes that regulate each of these processes act together in larger gene regulatory
modules and networks, and numerous components and interactions are known in the model plant
Arabidopsis thaliana (thale cress). However, how the gene regulatory modules have arisen over
evolutionary time to enable these evolutionary transitions remains an open question at the core of
plant evolutionary developmental research studies. This special issue collects articles contributing
to this question from different perspectives and systems.
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ORIGINS OF COMPLEXITY: THEORETICAL

APPROACHES AND THE STUDY OF GENE

EVOLUTION OVER DEEP PHYLOGENETIC

TIMESCALES

Complexity in plant body patterning has been addressed from
both morphological and genetic standpoints in this issue. The
article by Benítez et al. aims to understand the mechanisms
responsible for the major body plan transitions in green
algae belonging to different clades and the monophyletic land
plants. They introduce the concept of dynamical patterning
modules (DPMs) which are defined as sets of conserved gene
products and molecular networks, in conjunction with the
physical morphogenetic and patterning processes where they
function. They note that critical DPMs for the evolution of
plants are cell-to-cell adhesion, placement of the cell wall, cell
differentiation, and cell polarity. Analyzing data from broad
phyletic comparisons, they conclude that the same DPM patterns
have emerged many times independently, and that unicellular
plant ancestors already possessed most molecular mechanisms
later co-opted by multicellular plants, regardless of whether the
diploid or haploid life phase is the dominant one. They further
show that plasmodesmata were critical for the evolution of
complex multicellularity in plants.

Yruela et al. highlight the evolution of protein ductility
(intrinsic disorder) in unicellular and multicellular organisms.
Investigating the occurrence of protein ductility associated with
gene duplication led them to conclude that it increases in
concert with organismic complexity. Moreover, the distribution
of intrinsically disordered proteins and residues is not random
but can be correlated with chromosomal rearrangement
during evolution.

Complexity can also be studied in terms of gene regulation
over developmental or evolutionary timescales. Bräutigam and
Cronk examined the role of DNAmethylation in gene regulation
to fine-tune developmental plasticity. DNA methylation plays a
role in enlarging the potential of phenotypic expression and the
authors argue for the emergence of the novel research field of
“epi-evo-devo.” Complexity can also be modulated by changes
in developmental timing; Buendia-Monreal and Gillmor set up a
framework in which alterations in the timing of developmental
programs during evolution (also known as heterochrony) led to
changes in the diversification of key innovations such as leaves,
roots, flowers and fruits.

Synapomorphies in plant evolution can also be studied
from the evolutionary perspective of gene lineages controlling
developmental, morphological and physiological changes.
For example, AINTEGUMENTA genes encoding AP2-
type transcription factors play multiple functions in plant
development including the maintenance of stem cell
niches, embryo patterning, lateral organ formation, and
fatty acid metabolism. Dipp-Álvarez and Cruz-Ramírez
provide a comprehensive evolutionary framework for the
ANT gene lineage across streptophytes, where preANT-
like genes are present in the ancestor of embryophytes
and a gene duplication occurs in land plants resulting

in the basalANT and the euANT lineages. Possible
roles facilitated by these transcription factors during the
transition to dry environments include enhanced tolerance
to desiccation, and the establishment and maintenance
of multicellularity.

The above-mentioned articles contribute to a theoretical and
experimental foundation for assessing how major novelties may
have arisen during plant evolution, and how potential fine-tuning
of the genetic components responsible for a trait can lead to
considerable variation in plant body plans.

ORIGIN AND PATTERNING OF THE

GAMETOPHYTE AND SPOROPHYTE IN

EARLY-DIVERGING LAND PLANTS

Three manuscripts focused on early-diverging lineages,
including non-vascular bryophytes and vascular lycophytes.
Flores-Sandoval et al. provide an overview of transcription
factors controlling developmental transitions during the
life cycle of the model liverwort Marchantia polymorpha.
The authors explore differentially expressed genes during
specific developmental time points, resulting in sets of genes
acting exclusively in either gametophyte or sporophyte, in
the reproductive transition or in antheridia or archegonia
development. Their analyses reveals auxin co-expression groups
present in liverworts and mosses that are not dependent on the
single class-C Auxin Response Factor (ARF), which in other
plant groups is directly involved in auxin responses. Moreover,
their data confirm the participation of MpARF3 as a negative
regulator of reproductive transition.

The article by Grosche et al. shows that the common symbiotic
pathway required for the mutualistic interactions between
plants and mycorrhiza and the downstream GRAS-domain
transcription factors important for its establishment were
already present in the land plant ancestor. Using phylogenetic
reconstructions, they showed moss lineage specific gene losses
and expansions as well as absence of symbiotic GRAS TFs
in algae. The ancestral presence of symbiotic GRAS TFs may
have therefore provided a platform for conquering the land by
enhancing microbial interactions. This idea is supported by the
fact that in mosses, gene losses in some lineages coincide with
lack of arbuscular mycorrhiza symbiosis.

A different approach was taken by Augstein and Carlsbecker
who were able to trace roots into two independent origins
in lycophytes and euphyllophytes (which include ferns and
seed plants). They review the anatomical diversity of roots,
emphasizing stele patterning, the auxin pathways in the RAM
in different taxa, the genetic mechanisms involved in stem
cell niche maintenance and the root cap control. Most data
gathered so far comes from Arabidopsis, other Brassicales,
the ferns Azolla filiculoides and Ceratopteris richardii and
the lycophyte Selaginella moellendorfii. However, the authors
emphasize that functional tools for comparative analyses are
needed in lycophytes and ferns in order to establish the
conservatism of such networks across vascular plants.
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EVOLUTION OF THE MEGASPORANGIUM

(OVULE) AND MEGAGAMETOPHYTE IN

SEED PLANTS

Gymnosperms showcase unique reproductive features that
include the nourishment of the embryo directly by the female
gametophyte and the nucellus, which play the equivalent role
of the endosperm in angiosperms. Moyano et al. describe
the dismantling of the megagametophyte during germination
of Araucaria angustifolia seeds, focusing on the mechanisms
activating programmed cell death (PCD) and the availability of
proteins, starch and lipid bodies for the developing embryo.

Ovule integuments are another distinctive feature
distinguishing gymnosperms, which have one, from
angiosperms, which have typically two. Integuments protect the
ovules and seeds, define a route for pollen entry and contribute
to seed hydration and dormancy. In an effort to assess the
molecular basis of integument identity Arnault et al. investigate
the expression of integument genes in the early-diverging
angiosperm Amborella trichopoda and conclude that YABBY,
KANADI, and HD-ZIPIII transcription factors have conserved
expression patterns between Amborella and Arabidopsis. Their
data contribute to the reconstruction of molecular mechanisms
for integument identity during the evolution of angiosperms.

Akhter et al. explore the evolution of gene lineages that
exclusively expanded in gymnosperms compared to angiosperms
employing RNA sequencing. They focus on the TM3-likeMADS
box genes, from which DAL19 has been previously identified
as being specifically upregulated in cone-setting shoots. They
show the importance of previously unrecognized, and sometimes
mutually exclusive, mRNA splice variants in Picea abies. They
also highlight isoforms that are differentially expressed in male
and female cone meristems, as well as in vegetative meristems.
From their work, we derive that splice variants are in fact another
source of variation contributing to functional evolution, working
in parallel with gene duplication.

EVOLUTION OF MOLECULAR

MECHANISMS UNDERLYING FLOWERING

Gene duplication is a known source for variation and functional
diversification, triggering major evolutionary shifts. Flowering is
one of the most important transitions leading to angiosperms;
during this process, the SAM becomes an inflorescence meristem
that in turn develops floral meristems in its flanks. Lee et al.
exemplify the role of gene duplication in one of the key players
in the transition to flowering, FLOWERING LOCUS C (FLC)
in Boechera stricta (Brassicaceae), resulting in the acquisition of
unique roles in the different paralogs. While one of the paralogs
plays a conserved role delaying flowering, the other has lost its
flowering function altogether. The authors uncover independent
mutations that change the species phenology and provide
evidence for heritable variations in vernalization requirements
and flowering time via FLC in Brassicales.

A mini review by Monniaux and Vandenbussche discusses
perianth evolution. They propose that the perianth is formed

in the outer floral whorls to maintain the stamen and carpel
identity gene’s expression exclusively in the center of the flower.
They evaluate negative regulators of B and/or C-class genes,
especially of the APETALA2 (AP2) type and highlight the need
for a broader comparative framework including early-diverging
angiosperms with and without perianth. Exploring the molecular
mechanism underlying floral organ identity Galimba et al.
investigate the genetic redeployment of B-class genes in apetalous
Thalictrum (Ranunculaceae). Ranunculaceae petals have been
lost repeatedly, presumably in conjunction with the loss of the
petal-specific AP3-III paralog. The authors present evidence for
partial redundancy for stamen identity in the remaining paralogs
and a role for these genes in the ectopic petaloidy of sepals, while
proposing a novel mechanisms of dominant-negative regulation
of B-class genes by a truncated AP3-II ortholog.

Damerval et al. explore the genetic underpinnings of floral
symmetry changes affecting floral display in Proteaceae, an early
diverging eudicot family. They find that in Grevillea juniperina,
adnation of stamens to tepals and asymmetrical growth of the
single carpel contribute to the establishment of floral bilateral
symmetry. An annotated floral transcriptome for G. juniperina
is also presented, with an emphasis on floral MADS-box genes
and TCP Class I and Class II gene expression patterns, the latter
known to control floral bilateral symmetry in core eudicots.

Contributing to a more conceptual understanding of floral
symmetry control, Sengupta and Hileman discuss the idea of
direct transcriptional autoregulation (DTA) of CYCLOIDEA
(CYC) genes. They present in silico predictions and experimental
evidence for DTA in flower symmetry evolution and propose that
CYC autoregulation may have evolved via de novomutations and
could have played a key role in the origin of monosymmetric
flowers in the Lamiales.

EVOLUTION OF THE GENETIC NETWORK

CONTROLLING FRUIT DEVELOPMENT

A fruit genetic network is well established in Arabidopsis,
but comparative analyses of the key players controlling
histogenesis during fruit development outside Brassicaceae is
still scarce. Zumajo-Cardona et al. present the evolution of the
REPLUMLESS (RPL) gene lineage, focusing on the expression
patterns of RPL homologs in Papaveraceae (a basal eudicot).
Arabidopsis RPL controls the identity of the replum, a medial
persistent fruit layer unique to Brassicaceae fruits. In contrast,
RPL homologs control fruit shedding in rice, whereas in
poppy they are broadly expressed during flower development
and become restricted to the dehiscence zone during fruit
maturation, suggesting shifting roles of RPL genes during
angiosperm diversification.

Maheepala et al. present a characterization of Solanaceae
FRUITFULL (FUL) genes. FUL is responsible for fruit wall
proliferation and for limiting the dehiscence zone in the
Arabidopsis silique. While FUL homologs play the same roles
in dry-fruited Solanaceae, they have taken on new roles
in fleshy fruit development where they regulate aspects of
the ripening processes, such as pigment accumulation. The
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authors show that Solanaceae have four FUL paralogs, some
originating as a result of a whole genome multiplication event,
others by tandem duplication and one clade even undergoing
pseudogenization. While some Solanaceae FUL clades appear
to have acquired novel functions in fleshy fruit development,
the molecular mechanisms underlying the FUL function shifts
require additional analyses.

In summary, this research topic explores the genetic
mechanisms controlling key developmental transitions, both
vegetative and reproductive, during plant evolution. It includes
original contributions on a variety of scales and processes: from
factors contributing to multicellularity, to body plan complexity,
developmental plasticity, heterochrony, tolerance to desiccation,
gametophyte to sporophyte transition, establishment of embryo
polarity and elaboration of the apical and root meristems and
symbiotic interactions in early diverging land plants. Recognizing
that reproductive shifts have also occurred in more recent
phylogenetic scales, this collection also includes manuscripts
focusing on the control of flowering, the development of
ovules and perianth, floral symmetry and display and the
elaboration of fruits from carpels aimed at dispersing the next
generation. We hope that such comprehensive overview will be
inspiring and will motivate additional efforts in the scientific
community to continue to explore these processes holistically
across land plants.
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Comparative analyses of developmental processes across a broad spectrum of
organisms are required to fully understand the mechanisms responsible for the major
evolutionary transitions among eukaryotic photosynthetic lineages (defined here as
the polyphyletic algae and the monophyletic land plants). The concepts of dynamical
patterning modules (DPMs) and biogeneric materials provide a framework for studying
developmental processes in the context of such comparative analyses. In the context
of multicellularity, DPMs are defined as sets of conserved gene products and molecular
networks, in conjunction with the physical morphogenetic and patterning processes
they mobilize. A biogeneric material is defined as mesoscale matter with predictable
morphogenetic capabilities that arise from complex cellular conglomerates. Using these
concepts, we outline some of the main events and transitions in plant evolution, and
describe the DPMs and biogeneric properties associated with and responsible for these
transitions. We identify four primary DPMs that played critical roles in the evolution of
multicellularity (i.e., the DPMs responsible for cell-to-cell adhesion, identifying the future
cell wall, cell differentiation, and cell polarity). Three important conclusions emerge from a
broad phyletic comparison: (1) DPMs have been achieved in different ways, even within
the same clade (e.g., phycoplastic cell division in the Chlorophyta and phragmoplastic
cell division in the Streptophyta), (2) DPMs had their origins in the co-option of molecular
species present in the unicellular ancestors of multicellular plants, and (3) symplastic
transport mediated by intercellular connections, particularly plasmodesmata, was critical
for the evolution of complex multicellularity in plants.

Keywords: plant evolution, plasmodesmata, algal evolution, convergent evolution, dynamical patterning modules

INTRODUCTION

The goal of this paper is to review the evolution of the multicellularity plant body plan within the
conceptual framework of dynamic patterning modules (DPMs; Newman and Bhat, 2009; Newman
et al., 2009; Newman, 2011), which provides a means of integrating physical and molecular-genetic
aspects of developmental mechanisms. We have reviewed this topic previously (Hernández-
Hernández et al., 2012; Niklas and Newman, 2013; Niklas, 2014). However, our focus here is on
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the DPMs involved in the establishment of body plan polarity
and cell-tissue differentiation. As in our previous treatments
of the topic, a broad comparative approach is adopted here
because multicellularity has evolved multiple times among the
various eukaryotic photosynthetic lineages (Figure 1). The exact
number of times it has evolved in large part depends on how
multicellularity is defined. If multicellularity is regarded as any
transient or permanent aggregation of cells, it is estimated to
have evolved independently at least 25 times (Grosberg and
Strathmann, 2007). If more rigorous criteria are applied, as for
example the requirement for intercellular communication and
cooperation, multicellularity has evolved multiple times in the
Actinobacteria, Myxobacteria, and Cyanobacteria, at least three
times in the fungi (chytrids, ascomycetes, and basidiomycetes),
six times among the polyphyletic algae (twice each in the red,
brown, and green algae), but only once in the Animalia (Niklas
and Newman, 2013; Niklas, 2014).

Regardless of how multicellularity is defined or how
many times it evolved, the repeated independent evolution
of multicellularity evokes many important but as yet
unresolved questions. For example, are the developmental
and morphological motifs involved in the transformation of
unicellular organisms into multicellular ones adaptations to
the exigencies of life, the result of weak selection pressures,
or the predictable consequences of physico-genetic laws and
processes? Do sets of “master genes” for multicellularity exist
among most or all eukaryotic clades? Indeed, given its ubiquity
among pro- and eukaryotic lineages, has multicellularity truly

FIGURE 1 | The occurrence of multicellularity shown on a highly redacted and
unrooted phylogenetic diagram of the major groups of photosynthetic
eukaryotes. Although some groups are entirely unicellular or multicellular (e.g.,
prasinophytes and the land plants, respectively), most contain a mixture of
body plans such as the unicellular and colonial body plans (e.g., diatoms), or a
mixture of the unicellular, colonial, and multicellular body plans (e.g., brown
algae). In general, early-divergent persistent lineages are dominated by
unicellular species (e.g., prasinophytes in the green algal clade), whereas
later-divergent lineages contain a mixture of body plans (e.g., chlorophytes
and charophytes). Species-rich, late-divergent persistent lineages tend to be
exclusively multicellular (e.g., the land plants and metazoans).

evolved independently among so many kinds of bacteria, fungi,
algae, land plants, and animals, given the fact that all eukaryotes
ultimately shared a last common ancestor?

The application of the framework of DPMs is particularly
useful to address this last question because similar if not identical
phenotypes can be achieved by the developmental mobilization
of very dissimilar molecular systems or processes and because
natural selection acts at the level of the phenotype and not at
the level of the mechanisms that give rise to it. This dictum
has been formalized by Newman and Bhat (2009), Newman
et al. (2009), and Newman (2011) who have conceptualized
the development and evolution of multicellular animals in the
framework of DPMs each of which involves one or more
sets of shared gene networks, their products, and the physical
processes that relate to various types of matter. The importance
of many of the physical processes involved in DPMs such
as adhesion, cohesion, diffusion, activator–inhibitor dynamics,
and viscoelasticity have long been recognized as important
in development. Moreover, experimental research continues to
demonstrate that the mechanical environment experienced by
individual cells, tissues, and organs can alter gene expression
patterns and thus cell fate specification (e.g., Swift et al., 2013).

Considering development and its evolution in terms of the
DPM framework highlights the fact that the morphological
motifs that are produced by physical processes evoked
by specific molecules and pathways constitute a “pattern
language” for configuring the basic body plans of multicellular
animals and plants (Newman and Bhat, 2009; Newman
et al., 2009; Hernández-Hernández et al., 2012; Niklas, 2014).
These processes include mechanical forces resulting from the
geometrical arrangements of mesoscale materials, irreversibility,
the properties of network topologies and organization, and
symmetry breaking. Importantly, many of the physical processes
associated with DPMs are “generic” in that they are causally
similar to the physical processes affecting the behavior of
inorganic materials (Niklas, 1992; Niklas and Spatz, 2012). This
congruence between the animate and inanimate world facilitated
the rapid evolution of stereotypical generic morphologies once
multicellularity was achieved in phyletically different groups of
organisms, because there is ample evidence that some DPMs
originated by means of the co-option of genes or gene regulatory
networks (GRNs) present in ancestral unicellular organisms
(Newman and Bhat, 2009; Newman et al., 2009).

Numerous examples of analogous DPMs operating across
a broad spectrum of eukaryotic organisms can be given
because of the many fundamental similarities existing among
all eukaryotic cells (Wayne, 2009). For example, molecular
pathways for the control of cell shape and polarity that
evolved in unicellular organisms were mobilized by the
novel protein Wnt in multicellular animals to mediate, via
respective DPMs, lumen formation, and tissue elongation via
convergent extension (reviewed in Newman, 2016b). Likewise,
all eukaryotic cells have the capacity to produce extracellular
(ergastic) polysaccharides and structural glycoproteins capable
of self-assembly to create extracellular matrices containing
interpenetrating polymeric networks of hydroxyproline-rich
glycoproteins, e.g., collagen in animals and the extensin
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superfamily in numerous algal lineages and in the embryophytes
(Ferris et al., 2001; Stanley et al., 2005) (Figure 2). These proteins
manifest marked peptide periodicity, can form flexible rod-like
molecules with repeat motifs (dominated by hydroxyproline)
in helical configurations with arabinosyl/galactosyl side
chains. This “superfamily” of intercellular adhesives operates
among many unicellular organisms in gamete-to-gamete
self-recognition and adhesion and the adhesion of cells to a
substratum. It is very likely, therefore, that these “ancestral”
adhesive capacities were co-opted to provide the cell-to-cell
adhesives operating in many multicellular organisms, just as
a wide array of microtubule-associated proteins in the algae,
embryophytes, fungi, and metazoans (Gardiner, 2013) mediate
related cell reshaping mechanisms utilized by DPMs in all these
groups.

It is clear, however, that some of the DPMs operating in
animals do not function in the various groups of algae, the land
plants, and most fungi because of substantive differences among
these lineages and clades (Meyerowitz, 2002; Newman and
Niklas, 2018). Consider, for example, that the cells of animals are
typically individually deformable and that during development
they are free to move past one another in ways that permit
differential adhesion, cortical tension, and other processes that
permit the autonomous sorting and assembly of different tissues.
In contrast, most plant and fungal cells possess a rigid cell wall
that is firmly bound to the cell walls of adjoining cells. Likewise,
plant signaling molecules acting as transcriptional modulators
and determinants of tissue and cell fate can act intercellularly
as well as intracellularly (see Cui et al., 2007; Urbanus et al.,
2010; Garrett et al., 2012). This capacity, which is rare albeit
not unknown in animal systems (Prochiantz, 2011), blurs the
functional distinction of the GRNs affecting multi- versus single-
cell differentiation.

Further, plant cell polarity involves the participation of PIN
and PAN1 proteins in auxin polar and lateral transport and
the regulation of metabolic fluxes by means of plasmodesmata.
In contrast, animal cell polarity involves the participation of

FIGURE 2 | The different adhesives utilized by the cell-to-cell adhesive (ADH)
dynamic patterning module among some of the major multicellular lineages.

integrin, cadherin, and PAR or CDC42 proteins (Geldner,
2009; Dettmer and Friml, 2011; Zhang et al., 2012). Further,
cell, tissue, and organ polarity within the multicellular plant
body is maintained by a complex phytohormone transport
system that involves the differential and sometimes transient
positioning of auxin transporters proteins (Dettmer and Friml,
2011; Zhang et al., 2012), the establishment of mechanical
heterogeneities within the apoplastic infrastructure (Kutschera
and Niklas, 2007; Geldner, 2009; Peaucelle et al., 2015; Galletti
et al., 2016; Majda et al., 2017), and the regulation of metabolic
fluxes by means of plasmodesmata. Although analogies can
be drawn between the establishment and maintenance of
cellular and tissue polar domains in animals and plants, the
mechanisms by which polarity is achieved are very different.
For example, tight junctions between the apical and basolateral
plasma membrane domains in animal epithelial cells provide
barriers preventing the intramembrane diffusion of proteins
and other macromolecules (Shin et al., 2006), whereas in
plants a variety of phenolic compounds are used to maintain
tissue polarity domains (Alassimone et al., 2010). As a final
example of the differences between DPMs among the eukaryotic
lineages, consider the manner in which cell wall materials are
delivered and deposited during cell division. The mechanics
of this developmental process differs substantively among the
desmids and among different filamentous ascomycetes (Hall
et al., 2008; Seiler and Justa-Schuch, 2010). It even differs
within the monophyletic Chlorobionta, i.e., phycoplastic cell
division in the Chlorophyta and phragmoplastic cell division
in the Streptophyta (see Graham et al., 2009; Niklas, 2014)
(Figure 3).

Focusing on the distinctive physico-genetic morphogenetic
modalities of plants, Hernández-Hernández et al. (2012)
identified six DPMs involved in critical embryophyte
developmental processes. These DPMs are (1) the production of
intercellular adhesives (ADH), (2) the manner in which the future
cell wall is formed and oriented (FCW), (3) the establishment
of intercellular communication and spatial-dependent patterns
of differentiation (DIF), (4) the establishment of axial and
lateral polarity (POL), (5) the formation of lateral appendages
or “buds” (BUD), and (6) the formation of lateral, leaf-like
structures (LLS). Hernández-Hernández et al. (2012) discussed
all six of these DPMs with an emphasis on the first four (i.e.,
ADH, FCW, DIF, and POL), because cell division, cell-to-
cell adhesion, intercellular communication, and polarity are
essential for achieving simple multicellularity across all clades
and because these four DPMs operate in a pairwise manner
in many multicellular algae and fungi as well as in the land
plants (Figure 4). Here, we emphasize DIF and POL because
these are essential for achieving complex multicellularity
(define here as “the condition in which some cells are not in
direct contact with the external environment”), and present
new evidence that the evolution of plasmodesmata played
a critical role in the evolution of cell, tissue, and organ
differentiation and polarity. We also identify the characteristic
molecules and molecular networks, and when possible, the
physical processes they mobilize for each of the four key
modules.
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FIGURE 3 | Schematic of the land plant phragmoplast (A,B: longitudinal and
transverse views, respectively). AAC, apical actin cluster; AC, actin cable;
AAEP, actin/ABPA endocytoic patches; CC, condensed chromatin; CW, cell
wall; EE, endocytotic elements; FCWC, future cell wall components; GA, Golgi
apparatus; ML, middle lamella; MT, microtubule; PH, phragmoplast; PM,
plasma membrane; SE, post-Golgi sorting endosome; TGN, trans-Golgi
network; VC, vesicle cluster.

BIOGENERIC MATERIALS AND
DYNAMICAL PATTERNING MODULES
(DPMs)

Before proceeding to an exploration of the empirical evidence
for the concepts that will be pursued, it is important to establish
clear definitions for what is meant by biogeneric materials and
DPMs, particularly since these concepts may not be familiar to
some researchers and because clarity in definitions is essential for
clarity in thinking.

Like all matter, living matter manifests inherent
morphogenetic properties, and characteristic morphological
motifs that are in part expressions of inviolable physical laws
and principles (Newman, 2017; see also Niklas and Spatz, 2012;
Niklas, 2017). This idea is familiar to those who study the physical

FIGURE 4 | Paired dynamic patterning modules (indicated by arrows) that
participate in the evolution of multicellularity. The acquisition of each of these
modules is required for the evolution of multicellularity. These modules operate
in pairs for organisms with cell walls because cell-to-cell adhesion is related to
the location of a new cell wall and because intercellular communication
operates in tandem with cell polarity. ADH, the capacity for cell-to-cell
adhesion. DIF, the establishment of intercellular communication and cellular
differentiation, FCW, the future cell wall module (establishes the location and
orientation of the new cell wall), POL, the capacity for polar (preferential)
intercellular transport. (Adapted from Hernández-Hernández et al., 2012.)

sciences as is the notion that the operation of physical laws and
principles is sensitive to scale (Niklas, 1994). On the macroscale,
phenomena such as large-scale climate and oceanic systems
generate fluidic patterns of various but discrete and recognizable
morphologies. On the microscale, atoms and small molecules
can be arranged and rearranged to form discrete molecules with
well-defined chemical and physical properties. Living matter
operates at an intermediate or mesoscale. Non-living mesoscale
materials are familiar as solids, which can be amorphous of
crystalline, and liquids, which can form vortices and waves.
Living matter exhibits many of these generic physical properties
(Green and Batterman, 2017).

Although all living cells have mesoscale properties in common
(e.g., their cell membranes and cytoplasm are rheologically
similar), we focus here exclusively on multicellular matter. For
example, all tissues behave as viscoelastic materials (i.e., they
behave as a combination of a liquid and a solid). However,
the extent to which a material manifests viscoelasticity depends
on the presence and quantity of its rigid components (Niklas,
1989, 1992). With few exceptions (e.g., bone and cartilage),
most animal tissues are highly viscoelastic owing to an absence
of rigid cell walls. In contrast, all plant and fungal tissues
behave as deformable cellular solids because of the presence
of rigid cell wall solids (e.g., cellulose and chitin) (Niklas,
1989, 1992). Animal, plant, and fungal tissues have shared
generic properties, but they differ in the degree to which
they respond to physical stresses. Thus, the subunits – cells –
of animal tissues can be independently mobile and rearrange
with respect to one another, particularly during development,
when the tissues are more liquid-like than they are in the
mature organism, whereas, with the exception of intrusive
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growth, plant and fungal cells do not typically change their
neighbors.

The generic physical properties of living matter lend
predictability to the forms it can assume during development.
Like non-living liquids, liquid crystals, and mixtures thereof,
developing animal tissues can form immiscible layers, interior
spaces, and undergo elongation (Forgacs and Newman, 2005).
Like non-living deformable solids (undergoing, for example,
accretion or melting), developing plant and fungal tissues can bud
or branch (Fleury, 1999; Niklas and Spatz, 2012).

The liquid vs. solid nature of living tissues does not arise from
the same subunit-subunit interactions that endow non-living
materials with these properties. Instead of Brownian motion and
the electronic weak attractive interactions among the molecular
subunits of non-biological liquids, the cells in animal tissues
move non-randomly by cytoskeletally generated forces and
remain cohesive despite their translocation via transmembrane
homophilic attachment proteins. In plant and fungal tissues,
instead of the charge-based or covalent bonds of the atomic
or molecular subunits of non-biological solids, the cells are
cemented together by Ca2+-rhamnogalacturonanic-rich pectins,
or members of the extensin superfamily of hydroxyproline-rich
glycoproteins (Cannon et al., 2008; Lamport et al., 2011). For
these and other reasons, the various viscoelastic and deformable
solid materials that constitute living tissues have been termed
“biogeneric” matter, in recognition of the predictability of
their morphogenetic behavior and outcomes afforded by their
generic properties, and the fact that these generic properties are
dependent on evolved biological, rather than purely physical,
effects (Newman, 2016a).

Another set of biogeneric properties that characterize living
tissues, superimposed upon their identity as predominantly
viscoelastic or non-deformable solid materials, is their
excitability, that is, the ability to store energy and release it upon
stimulation (Levine and Ben-Jacob, 2004; Sinha and Sridhar,
2015). Mechanically, chemically, and electrically excitable
materials are not unknown in the non-living world (exemplified
by loaded mousetraps, forest fires, and tunnel diodes) but they
are uncommon. Multicellular systems are inevitably excitable,
because their cellular subunits are biochemically, mechanically,
and electrically active, the storage and controlled utilization of
energy is intrinsic to all life (Lund, 1947).

During the development of multicellular organisms,
communication among the cellular subunits can induce the
spatiotemporal mobilization of mechanical, chemical, and
electrical energy, leading to cellular pattern formation and
morphogenesis. In animal embryos and organ primordia, this
communication is generally short-range via extracellularly
diffusible morphogens. However, mechanical and electrical fields
can achieve nearly instantaneous long-range communication. In
developing and remodeling plants and fungi, communication
can be both intra- and intercellular and short and long-range.
Like the biogeneric rheological and solid-state properties of
animal, plant, and fungal tissues, the phenomena of excitability
give rise to predictable morphological motifs – repetitive or
fractal arrangements of ridges, appendages, venation patterns
and cell types.

Dynamical patterning modules, defined above, are intrinsic
to this “physico-genetic” account of the origin and evolution
of multicellular life-forms (Newman, 2012). The DPM concept
recognizes that the physical forces that shape tissues cannot
be considered independently of the actual materials (cell
collectivities and their molecules) that they act on. The activity
of DPMs can be regulated in a given multicellular material
(e.g., that characterizing the phylum to which a species
belongs), leading to developmental transitions and phenotypic
differences between members of a phylum. Insofar as the
materials have biogeneric properties (as is the case with animal
tissues, and to a large extent with plant and fungal tissues),
specific DPMs will promote morphological outcomes familiar
from the physics of non-living matter. In other cases, DPMs
will mobilize physical forces to produce outcomes peculiar
to varieties of living matter. Without exception, however,
physics and genetics act together to effect morphological
development.

The following sections will update earlier descriptions of
DPMs in plant systems (Hernández-Hernández et al., 2012;
Benítez and Hejatko, 2013; Niklas and Newman, 2013; Niklas
et al., 2013; Niklas, 2014; Mora Van Cauwelaert et al., 2015) and
attempt to assign evolutionary roles to them.

EVOLUTIONARY TRANSITIONS IN
EUKARYOTIC PHOTOSYNTHETIC
LINEAGES

The fossil record and contemporary molecular phylogenetic
analyses indicate that the three major algal clades in which
multicellularity evolved (i.e., the Streptopiles, Rhodophytes, and
Chlorobionta) had independent evolutionary origins because
of primary and secondary endosymbiotic events (reviewed by
Kutschera and Niklas, 2005, 2008). Consequently, these three
clades in tandem with the evolution of the land plants (from a
green algal ancestor) can be viewed as independent “evolutionary
experiments” that provide an opportunity to examine how the
four DPMs (i.e., ADH, FCW, DIF, and POL) participated in
achieving multicellularity in each case.

The significance of the four DPMs becomes apparent
when they are placed in the context of a morphospace that
identifies the major plant body plans and when their placement
is juxtaposed with a series of phenotypic transformations
predicted by multilevel selection theory for the evolutionary
appearance of multicellularity regardless of the clade under
consideration (Niklas, 2014). Following McGhee (1999), we
define a morphospace as a depiction of all theoretically possible
structural phenotypes within a specific group of organisms. The
depiction is constructed using orthogonal axes, each of which
represents a phenotypic character that has one or more character
states, e.g., cellular aggregation: yes or no. The intersection of
two or more such axes specifies a hypothetical or real phenotype
defined by the variables or processes the participating and
intersecting axes specify.

Niklas (2000, 2014) constructed such a morphospace for
all photosynthetic eukaryotes using four characters, each of
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which has two character states in the form of a question,
i.e., (1) are cytokinesis and karyokinesis synchronous?; (2)
do cells remain attached after cellular division?; (3) is
symplastic or some other form of intercellular communication
established and maintain among adjoining cells?; and (4) do
individual cells continue to grow indefinitely in size? This
simple morphospace identifies four plant body plans that can
be either uninucleate or multinucleate, i.e., the unicellular,
siphonous/coenocytic, colonial, and multicellular body plan
(Figure 5). The different tissue constructs of the multicellular
plant body can be identified also by adding a fifth axis that
specifies the orientation of cell division with respect to the
body axis. With the addition of this axis, three tissue constructs
are identified, i.e., the unbranched filament (when cell division
is restricted to one plane of reference), the branched filament
and the pseudoparenchymatous tissue construct (when cell
division occurs in two planes of reference and when branched
filaments interweave, respectively), and the parenchymatous
tissue construct (when cell division occurs in three planes of cell
division).

FIGURE 5 | A morphospace for the four major plant body plans shown in
bold (unicellular, siphonous/coenocytic, colonial, and multicellular) resulting
from the intersection of five developmental processes: (1) whether cytokinesis
and karyokinesis are synchronous, (2) whether cells remain aggregated after
they divide, (3) whether symplastic continuity or some other form of
intercellular communication is maintained among neighboring cells, and (4)
whether individual cells continue to grow indefinitely in size. Note that the
siphonous/coenocytic body plan may evolve from a unicellular or a
multicellular progenitor. The lower panels deal with the plane of cell division
(depicted by small cubes and arrows shown to the right) to yield unbranched
and branched filaments, pseudoparenchyma, and parenchyma (found in the
plants) and the localization of cellular division. The operation of the four DPMs
reviewed in the article is summarized in Figure 7. (Adapted from Niklas, 2000,
2014).

The primary literature dealing with the algae (e.g., Graham
et al., 2009) reveals that all four plant body plans (as well
as the three tissue constructs) have evolved multiple times
in the Stramenopiles, Rhodophytes, and Chlorobionta. This
convergence reveals the evolutionary significance of the four
DPMs that are the focus of our review, i.e., FCW, ADH, DIF, and
POL (Figure 4). Specifically, ADH is required for the colonial
and multicellular body plans; FCW is involved in whether
cyto- and karyokinesis are synchronous and whether the tissue
construction of a multicellular plant is filamentous (unbranched
or branched) or parenchymatous, although how the FCW is
determined remains problematic, even for the well studied land
plants (Schaefer et al., 2017); and DIF and POL are required for
intercellular cooperation and cellular specialization.

These four DPMs also help to identify evolutionary trends
in the establishment of multicellularity predicted by multilevel
selection theory (Folse and Roughgarden, 2010; Niklas and
Newman, 2013; Niklas, 2014). This theory recognizes the
unicellular organism as the ancestral state in each of the
multicellular lineages or clades, and it identifies the colonial body
plan as transitional to the multicellular body plan. Therefore,
when multilevel selection theory is applied to the evolution
of multicellularity, it identifies a “unicellular => colonial =>
multicellular” body plan transformation series (regardless of the
type of organism) in which the participation of ADH, FCW, DIF,
and POL are collectively required to establish and maintain a
colonial body plan and to subsequently coordinate and specify
the intercellular activities within an integrated multicellular body
plan whose complexity exceeds simple dyatic interactions among
conjoined cells, tissues, and organs.

The transformation series among the different genera
and species of the volvocine algal lineage is consistent with
the aforementioned multilevel selection theory’s predicted
unicellular => colonial => multicellular transformation
series (Bonner, 2000; Kirk, 2005; Herron and Michod, 2008;
Niklas, 2014). The ancestral volvocine body plan undoubtedly
possessed a unicellular organism that was morphologically and
physiologically like Chlamydomonas. The transformation of
this unicellular organism into a colonial organism is posited to
have involved the modification of the ancestral cell wall into an
extracellular adhesive matrix seen in the Tetrabaenaceae =>
Goniaceae => Volvocaceae transformation series (Kirk, 2005;
see also Graham et al., 2009), which is consistent with what is
known about the biochemistry of this ergastic material (Sumper
and Hallmann, 1998). Subsequent evolutionary modifications
exemplified by a hypothetical Goniaceae => Volvocaceae
transformation series are predicted to have produced life-forms
ranging from simple colonial aggregates (e.g., Tetrabaena
socialis) to more colonies with asymmetric cell division, to
multicellular organisms with a germ-soma division of labor
(e.g., Volvox carteri) (Kirk, 2005; Herron and Michod, 2008).
It is worth noting that in the case of multicellular volvocine
algae, the cytoplasmic bridges that interconnect each cell
to its neighbors have multiple functionalities. These bridges
participate in the mechanics of a unique form of kinesin-driven
inversion, and they provide avenues for the metabolic transport
of nutrients to developing reproductive structures, called gonidia
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(Hoops et al., 2000). In this sense, these bridges are analogous to
land plant plasmodesmata, although their apertures are much
wider than those of the latter (∼200 nm in diameter; Green
et al., 1981). Curiously, in some volvocines, these bridges are
developmentally severed and thereby provide an interesting
example of a multicellular-to-colonial transformation series.

DPMs AND BIOGENERIC PROPERTIES
INVOLVED IN PLANT DEVELOPMENT
AND EVOLUTIONARY TRANSITIONS

As noted previously, we proposed a set of DPMs associated
with key plant developmental events and specified some of
the physical and molecular components of these modules
(Hernández-Hernández et al., 2012). After reviewing the phyletic
distribution of the molecular elements of the DPMs, we
hypothesized that these modules originated from the co-option
of cell-molecular mechanisms related to single-cell functions
in the unicellular ancestors of the major algal clades and
the land plant lineages that mobilized, in the multicellular
context, novel physical processes. One of our central conclusions
is that once development is set into operation, much of it
becomes self-organizing due to the mobilization of DPMs and
biogeneric properties. This view contrasts with the hypothesis
that land plant diversification resulted mainly from the expansion
of particular gene families (e.g., Vergara-Silva et al., 2000;
Zažímalová et al., 2010). Certainly, while these molecules are
central for plant development and, most probably also for
plant evolution, we argued that the notion that diversification
of certain gene families or molecular classes can be the main
cause of morphological evolution is insufficient. Additionally,
we suggested that the combination of different DPMs at
different places and developmental stages may help understand
the generation of the basic features of the multicellular plant
body plan. We argued further that plant development has
evolved into processes that occur in a physical medium that
is dynamic over large scales, utilizing inherently multicellular
systems of multifunctional hormones/morphogens/transcription
factors that are unrestricted by cell boundaries in many of their
functions. Under such conditions, the origin and mechanisms
behind plant extraordinary plasticity becomes less enigmatic
(Hernández-Hernández et al., 2012).

The Spatially Dependent Differentiation
(DIF) DPM and its Role in the Evolution of
Multicellular Plants and Vascularization
As groups of cells adhered to each other, some physical
constraints were imposed on the transport of nutrients and
signaling molecules. Multicellular aggregates eventually evolved
a division of labor (Niklas, 2000; Kirk, 2005; Knoll, 2011)
that required cell fate specification mechanisms (Niklas et al.,
2014), and the ability of cells to coordinate their metabolism,
patterns of cell growth, and the activity of molecular networks.
In almost every multicellular aggregate two possible mechanisms
for the exchange of nutrients and signaling molecules exist:

indirect and direct transport (Beaumont, 2009). The first
case requires some cells to secrete nutrients to the external
environment and other cells to take them up (Beaumont, 2009).
In contrast, for direct cell-to-cell transport, the presence of
transmembrane connections is required (Niklas, 2000; Knoll,
2011). During the course of evolution, intercellular connections
evolved independently in multicellular lineages to respond to the
biophysical challenges that multicellularity imposed (Figure 6).
For example, animals have gap junctions, whereas the cells of
plants and fungi, respectively, developed plasmodesmata and
septa pores, respectively (Bloemendal and Kück, 2013). Here,
we discuss the role of plasmodesmata-mediated transport in the
coordination of cell type specification during plant development
and how this could have been a prerequisite for the transitions
from unicellular to multicellular (and from non-vascular to
vascular) plants. We will also briefly review the phylogenetic data
concerning the evolution of plasmodesmatal structure.

Given that plant cells are surrounded by a rigid cell
wall, they rely on the transport of signaling molecules for
the establishment of cell type patterns. As we discussed in
previous work (Hernández-Hernández et al., 2012), the spatially
dependent differentiation (DIF) DPM is composed of the
plant intercellular channels, called plasmodesmata, and the
biogeneric properties they mobilize, viz., passive diffusion,
lateral inhibition, and reaction–diffusion. Plants manifest a
precise spatiotemporal control on the aperture (also called
permeability) of plasmodesmata channels and can control the
direction of plasmodesmata-mediated fluxes to create molecular
concentration gradients (Sager and Lee, 2014). Using different
techniques, Christensen et al. (2009) detected unidirectional
transport of fluorescent probes from the basal epidermal
cells into the apical cells of trichomes in the leaves of
tobacco, Nicotiana tabacum. The probes were observed to
move freely among trichome cells in both directions, but they
were prevented from migrating in the opposite direction into
subtending cells. Although the authors did not conclusively
prove that this unidirectional flow depends on the aperture
of plasmodesmata channels, they found that treatments with
sodium azide, a metabolic inhibitor that alters plasmodesmata
permeability, could reverse the direction of unidirectional flow
from epidermal to trichome cells. A unidirectional transport
of the photoconvertible dye Dendra2 was also observed in
Physcomitrella patens (Kitagawa and Fujita, 2013), which indicted
that this phenomenology is likely very ancient and thus of wide
occurrence among the land plants. With the help of a controlled
intercellular transport, plants can then modulate diffusion of
signaling molecules in specific ways to generate or at least
modulate patterns of cell type specification.

At the same time, the regulation of plasmodesmata
permeability can generate morphogen gradients. Plasmodesmata
aperture is regulated by the deposition and degradation of callose
within the cell walls through which plasmodesmata pass (De
Storme and Geelen, 2014). The turnover of callose is achieved
by the participation of several families of proteins among
which the GLUCAN SYNTHASE LIKE (GSL) proteins and
β-glucanases, respectively, synthesize and degrade callose (Ruan
et al., 2004; Guseman et al., 2010; De Storme and Geelen, 2014).
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FIGURE 6 | Schematics of the diversity of intercellular communication among adjoining (A) land plant and (B–D) animal cells. Each of these cell-to-cell linkages
participates in the establishment of cell polarity as well as physiological communication among adjoining cells. Thus, each represents an analogous evolutionary
innovation for two of the essential features of multicellularity. (A) Plasmodesma. (B) Desmosome. (C) Tight junctions. (D) Gap junctions. AP, attachment plaque
(plakoglobins); CSF, cytoskeletal filaments (keratin); CW, cell wall; DTP, desmotubular proteins; ER, endoplasmic reticulum; ICS, intercellular space; PM, plasma
membrane.

Further, genetic and chemical experiments have correlated the
amount of callose at plasmodesmatal sites with the genetic
expression of GSLs and β-glucanases, and the intercellular
migration of molecules in several plant systems (Ruan et al.,
2004; Guseman et al., 2010; Vatén et al., 2011; Benitez-Alfonso
et al., 2013; Han et al., 2014). For example, in hypocotyls of
Arabidopsis seedlings, it was demonstrated that the reduced
callose deposition at plasmodesmata, resulting from an inducible
knock down mutation of the GLUCAN SYNTHASE LIKE 8
(GSL8) gene, had an enhanced diffusion of auxin (Han et al.,
2014). Consequently, the loss of asymmetric auxin distribution
prevented the differential cell elongation between the shaded
and illuminated parts of the hypocotyl that is required for the
phototropic response (Han et al., 2014). Based on these and other
observations, Han et al. (2014) concluded that plasmodesmata
closure is necessary to prevent auxin diffusion in Arabidopsis and
to generate concentration gradients. In a similar way, it has been
proposed that the main mechanism to establish auxin gradients
in mosses such as P. patens is through plasmodesmata-mediated
transport (Brunkard and Zambryski, 2017). Therefore, it seems
likely that the regulation of plasmodesmata permeability has
been key for land plants to establish concentration gradients
of morphogens that coordinate developmental dynamics.

However, it is important to note that neither plasmodesmata
nor multicellularity are required to achieve morphological
complexity. This is evident from siphonous (coenocytic) algae
such as the marine green alga Caulerpa. A recent intracellular
transcriptomic atlas of this organism reveals that the acropetal
transcript distribution conforms roughly to a transcription-to-
translation pattern without the presence of internal cell walls
(Ranjan et al., 2015; see also Menzel, 1996).

Cell type specification that depends on the intercellular
transport of transcription factors is also accompanied by
the closure of plasmodesmata to actuate a lateral inhibition
mechanism. For example, the chor mutant of Arabidopsis, which
encodes a putative GSL8 protein, results in a significant increase
in the number of stomatal lineage cells (Guseman et al., 2010).
Further, in the epidermal cells of leaves, the expression of the
SPEECHLESS (SPCH) transcription factor, which specifies the
initiation of the stomatal lineage, is restricted to the meristemoid
mother cells of stomata after asymmetric division (Pillitteri and
Dong, 2013). The gsl8 mutant has a lower amount of callose
deposition resulting in the leakage of SPCH between epidermal
cells that, in turn, results in abnormal stomata clusters (Guseman
et al., 2010). By preventing the intercellular migration of SPCH,
plasmodesmata inhibit the cells surrounding meristemoids to
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differentiate into the stomata lineage and thus regulate the
spacing of stomata in the epidermis of leaves. This demonstrates
that the plasmodesmata aperture is necessary for the specification
of cell identities by virtue of regulating lateral inhibition.

The non-cellular autonomous signaling mediated by
symplasmic transport is a key mechanism to establish patterns
of cell specification required for the development of vascular
tissues. For example, in the root of Arabidopsis the transcription
factor SHORT ROOT (SHR) moves from the stele into the cells
within the quiescent center and the endodermis where it turns
on the production of miRNA165/6 (Carlsbecker et al., 2010).
The miRNA165/6 then moves back to the stele where it degrades
the homeodomain leucine zipper PHABULOSA (PHB), which
is necessary for the radial patterning of the xylem tissue and the
pericycle (Carlsbecker et al., 2010). Mutations of the CALLOSE
SYNTHASE GLUCAN LIKE 3/GLUCAN SYNTHASE LIKE 12
(CALS3/GSL12) gene, which the product of degrades callose,
results in an increased callose deposition (Vatén et al., 2011). In
these mutants, the signal of pSHR:SHR:GFP in the endodermis
relative to that of the stele is decreased when compared with
the wild type. This observation is consistent with the hypothesis
that callose deposition prevents symplasmic transport (Vatén
et al., 2011). Because of the downregulated symplastic transport,
protoxylem cell identity was disrupted and metaxylem cells were
ectopically expressed in the location of protoxylem cells (Vatén
et al., 2011). In this manner, it is possible that plasmodesmata-
mediated transport may have also driven the development of
specialized cells and tissues by means of the spatiotemporal
differential transport of nutrients.

Finally, it has become increasingly clear that the manner in
which plasmodesmata are distributed within the multicellular
plant body compartmentalizes this body into symplastic domains
that can take on different functionalities by virtue of either
sequestering aspects of metabolic activity, as for example during
the dormancy of terminal tree buds (Tylewicz et al., 2018)
or facilitating specific avenues of symplastic translocation, as
for example the movement of mRNA within the phloem
(Xoconostle-Cazares et al., 1999). When seen in this manner, the
multicellular plant body plan is actually a continuous symplast
incompletely partitioned by a continuous apoplast created by an
infrastructure of perforated cell walls (Niklas and Kaplan, 1991).

Indeed, all the available evidence demonstrates the importance
of plasmodesmata-mediated transport for plant development
(Sager and Lee, 2014). Plasmodesmata seem to have appeared
independently several times in the plant kingdom. Intercellular
connections very similar to the plasmodesmata of land plants
have been found in the multicellular species of the green, red,
and brown algae (e.g., Cook et al., 1997, 1999; Raven, 1997).
As in the case of the land plants, the plasmodesmata of the
green alga Bulbochaete hiloensis are modulated during ontogeny
in a manner that differentially limits intercellular transport and
separates cellular domains into different functional identities
(Fraser and Gunning, 1969; Kwiatkowska, 1999).

Some features of plasmodesmata seem to have evolved after
the Chlorophyte–Streptophyte divergence. For example, there
is some evidence that the encapsulation of the endoplasmic
reticulum (ER) within the plasmodesmatal channel is unique to

the land plants. A close examination of plasmodesmata structure
in the charophycean alga Chara zeylanica and in three putative
early divergent bryophytes (the liverwort Monoclea gottschei,
the hornwort Notothylas orbicularis, and the moss Sphagnum
fimbriatum) reveals that in contrast to C. zeylanica, all three
bryophytes have encased ER (Cook et al., 1997). The ER lumen
serves as another pathway for intercellular transport making
plasmodesmata transport more complex (Guenoune-Gelbart
et al., 2008). The more complex plasmodesmata with internal
ER of the land plants are present in some green algae, such
as Uronema and Aphanochaete (Chlorophyceae) (Floyd et al.,
1971; Stewart et al., 1973), and in some Laminariales brown
algae (Marchant, 1976; Sideman and Scheirer, 1977). However,
the movement of molecules through the lumen or the ER of
these plasmodesmata has not been yet demonstrated for these
algae. Based on these observations, it is reasonable to conclude
that plasmodesmata lacking encased ER evolved first and that the
encapsulation of ER is an evolutionarily derived feature that was
present in the green algal ancestor of the land plants, well before
bryophytes diverged (Lucas et al., 1993; Cook et al., 1997).

Given that the land plants are more complex than their algal
ancestors because of the presence of specialized cell types and
tissues for nutrient transport, we speculate that the increased
complexity of multicellular plants is associated with the evolution
of structurally complex encapsulated-ER plasmodesmata. This
speculation emerges in part from a consideration of the
limitations imposed by passive diffusion on the transport of
metabolites and by the necessity of bypassing these limits
as multicellularity resulted in larger and larger life-forms.
Specifically, manipulation of Fick’s second law of passive diffusion
shows that the time it takes for the concentration of a non-
electrolyte j initially absent from a cell’s interior to reach one-half
the concentration of j in the external ambient medium (denoted
as t0.5 – t0) is given by the formula

t0.5 − t0 =
V

APj
ln

(c0 − cj)t0

(c0 − cj)t0.5
= 0693

V
APj

,

where V and A are the volume and the surface area of
the cell, respectively, Pj is the permeability coefficient of j
(a constant for any particular non-electrolyte), the expression (co
– cj)t0 is the initial difference between the external and internal
concentrations of j at time zero, and the expression (co – cj)t0.5
is the difference between the external and internal concentrations
when the internal concentration of j reaches one-half that of the
ambient medium (Niklas and Spatz, 2012). This formula shows
that the time required for passive diffusion to provide essential
metabolites to a cell increases in direct proportion to the volume
of a cell. Beyond a certain surface area-to-volume limit, passive
diffusion must be replaced by bulk flow, which is impossible
within a unicellular non-aquatic organism. Consequently, the
evolution of complex multicellularity requires intercellular bulk
flow that necessitates some form of intercellular “porosity,” e.g.,
phloem sieve plates. Likewise, intercellular transport systems
require cell-type specialization, which has been shown to be
positively correlated with genotypic and proteomic “complexity”
(e.g., Niklas et al., 2014, 2018; Yruela et al., 2017).
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Molecules that regulate plasmodesmata aperture and structure
may have performed different functions in the ancestors of
land plants. As previously noted, callose turnover is the main
contributor to the regulating of plasmodesmata permeability.
Although callose is widespread in the plant kingdom, its turnover
regulated by plasmodesmata aperture has only been observed in
the land plants (Scherp et al., 2001; Schuette et al., 2009). Thus,
understanding the functionalities of plasmodesmata-localized
proteins implicated in callose turnover could help elucidate
the evolution of plasmodesmata structure and plasmodesmata-
dependent transport. For example, glycosyl hydrolase 17
(GHL17) belongs to another family of proteins involved in
callose degradation (Gaudioso-Pedraza and Benitez-Alfonso,
2014). A phylogenetic study using the sequences of GHL17 of
fungi, algae, bryophytes, Arabidopsis, and monocots identifies a
land plant specific clade characterized by plasmodesmata GHL17
localization (Gaudioso-Pedraza and Benitez-Alfonso, 2014). In
contrast, the fungal and algal selected sequences appear to have
diverged earlier than the land plant sequences, suggesting a
more ancestral GHL17 origin (Gaudioso-Pedraza and Benitez-
Alfonso, 2014). Other callose regulation proteins, such as the
callose synthase (CalS) family, have been duplicated during
the diversification of land plants (Drábková and Honys, 2017).
Together, these findings indicate that plasmodesmata-localized
proteins were already present in the land plant ancestor but that
they played different roles.

As a consequence of plasmodesmata transport, plants can
utilize the biogeneric properties of DPMs such as diffusion
and lateral inhibition to specify cell identity and develop
vascular tissues specialized in transporting nutrients over long
distances. Without this capacity, plants would have not been
able to generate the complex multicellular organisms that we
know and that have become the major life form on earth.
Despite the importance of plasmodesmata-mediated transport
for plant development and diversification, little is known about
their evolution. The reasons for this stem in part from the
fact that plasmodesmata have structural characteristics that
differ among different kinds of tissues as well as among the
different plant lineages, and from the fact that the complete
disruption of plant tissues is still challenging (Faulkner and
Maule, 2011; Brunkard and Zambryski, 2017). However, some
molecules that may be generically involved in the formation
of plasmodesmata are now being postulated, as for example
certain reticulons (Brunkard and Zambryski, 2017). It is likely
that the advent of new methodologies that allow us to identify
new plasmodesmata proteins will help elucidate the regulatory
properties of plasmodesmata as well as the origins of these
molecules and the genes encoding them in organisms that lack
or that have less complex plasmodesmata.

MOLECULAR REGULATORY NETWORKS
(MRNs): CO-OPTION, DRIFT AND PLANT
EVOLUTIONARY TRANSITIONS

The notion of GRNs, recently referred to as molecular
regulatory networks to include other types of molecules,

has allowed the fruitful exploration of the collective effect
of genes and gene products in organismal development,
although several other phenomena have been recently identified
that call for a re-evaluation or update of current network
modeling formalisms (e.g., the role of intrinsically disordered
proteins in gene regulation, Niklas et al., 2015, 2018).
Molecular regulatory networks integrate a set of nodes that
can stand for genes, proteins, different types of RNA or
other molecules, and a set of edges that correspond to the
regulatory interactions among the elements represented by
nodes. Multiple studies have aimed to study the dynamics
of such networks, not only in plants, but also in animals,
fungi and bacteria, mostly to test the idea that the steady
states (attractors) of molecular regulatory networks correspond
to specific cell types or cellular states (Kauffman, 1969;
Thomas, 1991; Albert and Othmer, 2003; Alvarez-Buylla et al.,
2007)

The picture emerging from theoretical and empirical
studies is that molecular regulatory network steady states may
indeed correspond to cell types or metabolic states, and that
such different attractors can be present even in unicellular
organisms that alternate between different phases or states
in their life cycle (Quiñones-Valles et al., 2014; Mora Van
Cauwelaert et al., 2015). However, the temporal coexistence of
different cell types can only occur in multicellular organisms.
Multiple studies have suggested that the molecular regulatory
networks that underlie the specification of different cell-types
in extant multicellular organisms may have been co-opted
from multistable molecular regulatory networks, i.e., networks
leading to more than one steady state, that were already
present in their unicellular ancestors (Newman and Bhat,
2009; Mora Van Cauwelaert et al., 2015; Sebé-Pedrós et al.,
2017). Indeed, mathematical and computational models
have been used to perform proof-of-principle simulations
that illustrate how single cells with multistable molecular
regulatory networks can aggregate and couple via diverse
communication mechanisms, giving rise to stereotypic and
robust arrangements of cells with different identities (Furusawa
and Kaneko, 2002; Mora Van Cauwelaert et al., 2015). This is a
powerful idea, since this scenario requires no massive or abrupt
genetic changes to explain one of the most major evolutionary
transitions (Newman and Bhat, 2008, 2009; Niklas and Newman,
2013).

We have argued that some of the basic features of animal
and plant body plans may have been generated by the cooption
and differential spatiotemporal combination of DPMs (Newman
and Bhat, 2008, 2009; Hernández-Hernández et al., 2012; Niklas
and Newman, 2013; Niklas, 2014). However, DPMs are associated
with molecules that are part of evolving regulatory networks such
that DPM-related molecules and their regulatory interactions can
change. As these networks evolve, DPMs may become canalized
(sensu Waddington), this is, the patterns and shapes that
were initially generated by generic physico-chemical processes
mobilized by a few molecules can become somehow stabilized
by the evolution of continuously more robust and intricate
regulatory networks (Salazar-Ciudad et al., 2001). Molecular
network evolution may also follow a trajectory characterized by
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developmental system drift (DSD) (True and Haag, 2001), which
suggests that genetic networks associated with phenotypes are
both flexible and robust, and that differences between regulatory
networks in related species arise by elimination or recruitment of
new elements, erasing in this way traceable signals of common
ancestry at the genetic level. DSD thus suggests that development
of homologous traits in related species may not be mediated by
homologous genetic factors (Müller and Newman, 1999; Rokas,
2006; Tsong et al., 2006; Kiontke et al., 2007; Nahmad and Lander,
2011; Sommer, 2012; Shbailat and Abouheif, 2013; Stolfi et al.,
2014; Arias Del Angel et al., 2017). The mechanisms triggering
divergence in the regulatory networks in DSD can involve both
cis- and trans-regulatory changes, and the degree of change can
vary from one system to another (Sommer, 2012; Stolfi et al.,
2014).

We will now return to the DIF DPM example to illustrate some
of these ideas.

All multicellular lineages with cellulosic cell walls appear to
have evolved structures analogous to plasmodesmata. Indeed,
as noted plasmodesmata evolved independently in different
eukaryotic photosynthetic lineages and the molecules associated
to their evolutionary origin are still unclear (Brunkard and
Zambryski, 2017). However, some of the molecules that passively
move through plasmodesmata and that are involved in the
DIF DPM may have been co-opted from widely conserved
molecular regulatory networks, some of which may predate plant
multicellularity.

The case of auxin was briefly mentioned above. Indeed,
currently available evidence shows that auxin biosynthesis was
already present in the unicellular ancestors of multicellular
eukaryotes (Beilby, 2016; Khasin et al., 2017; Ishizaki, 2017; Kato
et al., 2017; among many other lines of evidence). However,
this is not the case for the auxin transporters that have been
identified and thoroughly studied in angiosperm model systems.
It has thus been suggested that auxin initially moved only
through plasmodesmata in a passive manner, contributing to
multicellular organization through the formation of gradients
and concentration patterns that could account for differential
cellular behaviors and identities in vascular land plants, some
algae, and bryophytes. If true, auxin transport seems to have
been canalized and greatly potentialized by the evolution of
complex molecular networks associated with its biosynthesis
and transport. So much so, that in plants like Arabidopsis
auxin local concentration is highly regulated and participates
in diverse developmental processes and events under specific
spatiotemporal conditions. Moreover, such tight regulation of
auxin transport has enabled cellular and organ polarization,
and has likely contributed to other evolutionary transitions,
such as that to vascular plants. It also seems to be the
case that extant networks associated with auxin biosynthesis
and transport differ in particular elements and interactions,
suggesting that the mechanisms of canalization have differed
among plants or that some degree of developmental systems drift
has occurred.

With regard to the DIF DPM, the role of molecular regulatory
network cooption and further canalization is illustrated by the
MYB-bHLH-WD40 protein complex. These plant proteins are

involved in complex networks that act in different plant organs
and developmental stages, enabling the determination of diverse
cell types, such as stomata, pavement cells, trichomes, and
trichoblasts (Ramsay and Glover, 2005; Benítez et al., 2011; Torii,
2012; Horst et al., 2015; Breuninger et al., 2016). A central feature
of this complex is that some of its components may move to
neighboring cells through plasmodesmata, which gives rise to the
coupling of otherwise intracellular networks and, concomitantly,
the emergence of stereotypic cellular arrangements. Indeed,
it is by the intercellular transport and mutual regulation of
MYB, bHLH, and WD40 proteins that some of the well-known
patterns of spaced-out stomata, trichomes, and aligned root
hairs arise during plant development (Benítez et al., 2011;
Torii, 2012; Horst et al., 2015). Interestingly, although the
molecular regulatory networks in which these proteins take
part seem to have come together in land plants, their key
components appear to predate plant multicellularity (Ramsay
and Glover, 2005). Consequently, some of the major events
in the diversification of cellular types and functions have
involved the co-option of ancient molecules, the presence
of plasmodesmata, and the associated mobilization of certain
DPMs, even if the MYB-bHLH-WD40 complex has drifted into
regulatory systems that are currently species- or even organ-
dependent.

FINAL REMARKS

Based on our review of the available evidence, we reach the
following conclusions:

• Dynamical patterning modules, defined as sets of conserved
gene products and molecular networks in conjunction with
the physical morphogenetic and patterning processes they
mobilize, have played ubiquitous and central roles in the
evolution of multicellularity in the algae, land plants, fungi,
as they have been shown to in metazoans (schematized in
Figure 7).
• Four DPMs are critical in the context of multicellular

evolution of plants and fungi: the DPM for the orientation
of the future cell wall (FCW), the DPM for cell-to-cell
adhesion (ADH), the DPM for polarity (POL), and the
DPM for differentiation (DIF).
• Comparisons across the various fungal, algal, and land

plant lineages indicate that these four DPMs have recruited
different mechanisms and materials to achieve the same
ends. For example, the materials used to achieve cell-
to-cell adhesion differ dramatically among the various
multicellular algal lineages and the land plants.
• These differences in the materials recruited by the

various DPMs indicate that natural selection operates on
morphological phenotypes and not on the components and
mechanisms that produce them.

As exemplified in this study focusing on plant multicellularity,
the DPM concept provides a valuable framework to further
understand the processes behind multicellular development and
evolution and can give rise to clear propositions that can in
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FIGURE 7 | Serial schematic of the ways four DPMs have contributed to the evolution of complex multicellularity in the land plants (see also, Figure 5). (A) The
ancestral unicellular condition within the Streptophytes (the green algae and the land plants) with a flagellar apparatus and associated eyespot, nucleus, and parietal
chloroplast. (B) The future cell wall (FCM) module operates along the longitudinal cell axis in conjunction with the polarity (POL) module to specify the plane of cell
division (dashed lines). (C) The cell-to-cell adhesion (ADH) module establishes the colonial body plan (show here by two adjoining cells). (D) Symplastic continuity
between adjoining cells is established by means of plasmodesmata. (E) The POL module shifts the frame of reference for the FCW module (now orthogonal to the
cell longitudinal axis) to form an unbranched filament. (F) The differentiation (DIF) module is deployed for the evolution of specialized cells. (G) The POL module
operates to now specify a second plain of cell division to produce a branched filament. The role of the POL module in establishing a third plane of cell division (and
thus the development of parenchyma) is not shown here. e, eyespot; fl., flagellar apparatus; n, nucleus; chl, chloroplast.

turn be tested through comparative methods, mathematical
and computational modeling, and experimental modification
of parameters and biogeneric properties. However, the DPM
concept has not been fully integrated into the “standard model”
of contemporary evolutionary developmental biology. Typically,
“mechanism” is considered at the level of genes and gene
networks, while morphology is handled descriptively, with
adaptationist narratives where they pertain, and appeals to
pleiotropy and its consequences when they do not (Minelli,
2018). This perspective is unsatisfactory as an explanatory
framework for biological form in light of the unquestioned
role of physical mechanisms of morphogenesis across all
categories of multicellular (Forgacs and Newman, 2005; Niklas
and Newman, 2013; Newman and Niklas, 2018) and increased
recognition of the conservation of early-evolved architectural
motifs despite drift in molecular mechanisms (True and Haag,
2001).

Such homoplasy is even more pervasive in plant than in
animal systems, where, as we have described here and elsewhere,

there have been multiple routes to multicellularity rather than
the single, classical cadherin-based, one in the metazoans (Niklas
and Newman, 2013; Newman, 2016b). Moreover, the ability of
the cyanobacteria, the land plants, and the brown algae to form
plasmodesmata-like intercellular structures involves significantly
different GRNs, gene products, and developmental processes.
Yet, the result in each case is the same, i.e., intercellular adhesion,
communication, and polarity.

Whereas in animal systems GRNs and DPMs act relatively
independently of each other, with the former mainly specifying
cell type identity and latter patterns and arrangements of cells
(Newman et al., 2009), the molecular regulatory networks of
plants and fungi act in a more integrated fashion, comprising
both GRN- and DPM-type functions of metazoans. This is partly
because transcription factors move more freely between cells
in the non-metazoans. Moreover, since the physics embodied
in DPMs often leads to predicable morphological outcomes,
these modules have served as “simplification forces” in evolution,
acting as major instructive cues that channel development in both
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animals and plants. In contrast to animal GRNs, however,
the mixed-nature plant molecular regulatory networks have
been “complexification forces” in plant and fungal evolution,
offering additional opportunities to use/modulate/bridge
DPMs to generate an enhanced spectrum of morphological
complexity.

The behaviors of developing tissues as excitable biogeneric
materials (liquids and liquid crystals in the case of animals,
deformable cellular solids in the case of plants), are inescapable,
as are the preferred morphological motifs generated by
characteristic DPMs of these materials, whatever their
molecular genetic underpinnings may be. Understanding these
inherent properties is essential to mechanistic explanations
of development and its transformations during the evolution
of multicellular organisms (Newman, 2017). A challenge for
future research is to determine how these modules recruit
and integrate the ancillary processes required to achieve the
morphological variety seen across the broad phylogenetic
spectrum of multicellular plants and fungi.
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Previous work has shown that ductile/intrinsically disordered proteins (IDPs) and
residues (IDRs) are found in all unicellular and multicellular organisms, wherein they
are essential for basic cellular functions and complement the function of rigid proteins.
In addition, computational studies of diverse phylogenetic lineages have revealed: (1)
that protein ductility increases in concert with organismic complexity, and (2) that
distributions of IDPs and IDRs along the chromosomes of plant species are non-random
and correlate with variations in the rates of the genetic recombination and chromosomal
rearrangement. Here, we show that approximately 50% of aligned residues in paralogs
across a spectrum of algae, bryophytes, monocots, and eudicots are IDRs and that a
high proportion (ca. 60%) are in disordered segments greater than 30 residues. When
three types of IDRs are distinguished (i.e., identical, similar and variable IDRs) we find
that species with large numbers of chromosome and endoduplicated genes exhibit
paralogous sequences with a higher frequency of identical IDRs, whereas species with
small chromosomes numbers exhibit paralogous sequences with a higher frequency
of similar and variable IDRs. These results are interpreted to indicate that genome
duplication events influence the distribution of IDRs along protein sequences and likely
favor the presence of identical IDRs (compared to similar IDRs or variable IDRs).
We discuss the evolutionary implications of gene duplication events in the context
of ductile/disordered residues and segments, their conservation, and their effects on
functionality.

Keywords: IDPs, polyploidy, protein ductility, protein disorder, paralogs, genome duplication, plants

INTRODUCTION

There is wide consensus that spontaneous whole genome duplications (WGD, autopolyploidy) and
interspecific hybridization (allopolyploidy), followed by post-polyploid diploidization (PPD) have
contributed significantly to the evolution of the land plants and to the angiosperms in particular
(Wendel, 2000; Ramsey and Schemske, 2002; Soltis and Soltis, 2009; Jackson and Chen, 2010;
Mandáková and Lysak, 2018; Ren et al., 2018). In general, new species emerging from either type of
polyploidy tend to exhibit improved growth vigor and adaptive resilience to adverse environments
thereby conferring significant evolutionary advantages (Song and Chen, 2015). Although the
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reasons remain unclear, plant genomes tend to have larger
numbers of duplicated genes compared with the genomes of non-
photosynthetic eukaryotes, although recent reports suggest that
WGD events have also been frequent in insects (Li et al., 2018).
Among the angiosperms, there is evidence that major clade-wide
WGD events have occurred multiple times over the past 200
Mya (Lyons et al., 2008; Renny-Byfield and Wendel, 2014; del
Pozo and Ramírez-Parra, 2015; Landis et al., 2018; Ren et al.,
2018) in contrast to duplication events within major vertebrate
lineages (Panopoulou et al., 2003; Dehal and Boore, 2005). In
addition, a whole genome triplication events (triploidization,
WGT, or hexaploidization) occurred in the ancestor of the core
eudicots (approximately 125 Mya) and another more recent event
(between 23 and 47 Mya) occurred in Brassica species, which
affected the evolution of many agriculturally important species
(Zheng et al., 2013; Kagale et al., 2014; Parkin et al., 2014). Thus,
ancient and recent autopolyploidy have profoundly influenced
the evolution of the flowering plants and have contributed to
improved important agronomic traits, such as grain quality,
fruit shape, and flowering time (Kellogg and Bennetzen, 2004;
Dubcovsky and Dvorak, 2007; Leitch and Leitch, 2008; Jackson
and Chen, 2010; Panchy et al., 2016). Given the fact that PPD
events are recurrent over the course of angiosperm evolution,
many extant diploid genomes contain a record of ancient WGD
events that can be inferred by the analysis of duplicated genes
with conserved co-linearity across genomic segments (Proost
et al., 2012; Ren et al., 2018).

Despite their overarching importance, the consequences of
polyploidy remain poorly understood. Studies have documented
rapid and dynamic changes in genomic structure and gene
expression in plant polyploids, which reflect genomic and
functional plasticity of duplicated genes (Dubcovsky and Dvorak,
2007; Leitch and Leitch, 2008; Jackson and Chen, 2010). However,
it is uncertain as to whether individual genes or WGD have
contributed equally to the evolution and functional plasticity
of plant genomes (see Dehal and Boore, 2005; De Storme and
Mason, 2014). This ambiguity results in part because a direct
causal link between an adaptive phenotype and a specific gene
duplication event are difficult to ascertain because they usually
occur at different times (Lawton-Rauth, 2003).

Studies during the past two decades have provided valuable
information about intrinsically disordered/ductile proteins
(IDPs) and disordered regions (Xie et al., 2007; Oldfield and
Dunker, 2014; van der Lee et al., 2014; Wright and Dyson,
2015; Yan et al., 2016). IDPs do not fold into well-defined
three-dimensional (3D) structures and can be either entirely
disordered or partially disordered, with regions spanning just
a few contiguous disordered residues (<10 aa) or containing
long segments (≥30 aa) of contiguously disordered residues.
Numerous researchers have developed algorithms that use
amino acid sequences as inputs to predict the probability to be
structured or disordered for each residue as outputs (He et al.,
2009; Meng et al., 2017). By applying such disorder predictors
to sequences of proteins with known functions, the biological
activities of IDPs can be inferred from large collections of
proteins (Ward et al., 2004; Xie et al., 2007). From these and
other studies it has been concluded that 25–50% of all eukaryotic

proteins contain at least one long IDP region and that 33–50% of
eukaryotic proteomes have IDPs regions.

At the molecular level, it is uncertain how disordered/ductile
proteins evolve in the scenario of WGD and PPD events.
Nevertheless, there is ample evidence that disordered residues
(IDRs) confer flexibility to proteomes (Tompa, 2002; Schad et al.,
2011; Yruela and Contreras-Moreira, 2012; Yruela et al., 2017).
Moreover, IDPs are known (1) to have played a significant role
in the evolution of multicellularity and/or cell type specification
(Niklas et al., 2014, 2018; Dunker et al., 2015; Niklas and
Dunker, 2016; Yruela et al., 2017), (2) to contribute to organismic
plasticity by facilitating protein multifunctionalities and nucleic
acid interactions through complex gene regulatory network
dynamics (Dyson and Wright, 2002, 2005; Xie et al., 2007;
Habchi et al., 2014; van der Lee et al., 2014; O’Shea et al., 2015;
Wright and Dyson, 2015; Yruela, 2015; Covarrubias et al., 2017),
and (3) to be associated with proteins involved in signaling,
cellular regulation, nuclear localization, chaperone activity, and
RNA, DNA, and protein binding among many other functions
(Xie et al., 2007; Kovacs et al., 2008; Babu et al., 2011; Buljan
et al., 2013; Pazos et al., 2013; Oldfield and Dunker, 2014;
Skupien-Rabian et al., 2016; Olsen et al., 2017). Moreover, IDPs
and IDRs collaborate with alternative splicing (AS) and post-
transcriptional modifications (PTMs) to markedly enhance the
complexity of signaling networks (Niklas et al., 2015). By means
of these collaborations, the same gene products bring about
alternative signaling outcomes that depend on the use by IDPs
or IDRs of shape-shifts to bind to multiple, different partners
and that depend on the further alteration of partner binding by
AS and/or PTMs (Dunker et al., 2008, 2015; Rautureau et al.,
2010; Hsu et al., 2013; Niklas et al., 2015; Zhou et al., 2018). This
collaboration of IDPs or IDRs with AS and/or PTMs appears to
have contributed significantly to the evolution of multicellularity
in all major eukaryotic lineages (Niklas et al., 2018).

The goal of this paper is to evaluate the hypothesis that WGD
(or WTG) events have disproportionately increased IDRs in
plant proteomes thereby contributing to plant “evolvability.” To
investigate this hypothesis, we determined the fraction of IDRs in
co-linear paralogs of several model and economically important
plant species including green algae, bryophytes, monocots, and
eudicots.

MATERIALS AND METHODS

Protein Sequences
Protein sequences of co-linear paralogs of one chlorophyte
(Chlamydomonas reinhardtii, n = 32), one bryophyte
(Physcomitrella patens, n = 3,716), four monocots (Zea mays,
n = 14,062; Sorghum bicolor, n = 5,336; Oryza sativa, n = 6,503;
Brachypodium distachyon, n = 4,670), and thirteen eudicots
(Glycine max, n = 74,584; Populus trichocarpa, n = 27,976;
Brassica oleracea, n = 41,318; Manihot esculenta, n = 18,954;
Vitis vinifera, n = 8,836; Gossypium raimondi, n = 25,880;
Capsicum annuun, n = 996; Solanum lycopersicum, n = 6,796;
Arabidopsis thaliana, n = 7,894; Prunus persica, n = 4,784; Beta
vulgaris, n = 774; Medicago truncatula, n = 6,664; Cucumis
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sativus, n = 2,198) were retrieved from PLAZA 4.0,1 (van Bel
et al., 2017). These species were selected because (1) some are
model experimental systems (e.g., C. reinhardtii P. patens, A.
thaliana, B. distachyon), (2) others are economically extremely
important (e.g., Z. mays, G. max, V. vinifera), and (3) all have
full representative genome and chromosome assemblies. Co-
linear regions within genomes are annotated in PLAZA 4.0 by
application of the i-ADHoRe algorithm (Proost et al., 2012).
Co-linear paralogs are encoded by genes from the same gene
family and are located in genomic segments that share the same
gene content in the same order.

WGD and WGT in Plants
Ancient large-scale duplication (WGD) and triplication (WGT)
events, or more recent duplications have been reported in
the literature for the following model plant systems: P. patens
(1 recent duplication), Z. mays (6 duplications), S. bicolor
(5 duplications), O. sativa (5 duplications), B. distachyon (5
duplications), G. max (4 duplications and 1 triplication),
P. trichocarpa (3 duplications and 1 triplication), V. vinifera
(2 duplications and 1 triplication), B. oleracea (2 duplications),
M. esculenta (2 duplications and 1 triplication), G. raimondi
(2 duplications and 1 undefined event), S. lycopersicum (2
duplications and 2 triplications), A. thaliana (5 duplications),
P. persica (2 duplications and 1 triplication), M. truncatula (3
duplications and 1 triplication) (Panchy et al., 2016; for more
details about WGD and WGT history see Gaut et al., 2000; Blanc
and Wolfe, 2004; Yu et al., 2005; Schmutz et al., 2010; Song et al.,
2012; Tiley et al., 2016).

Mean reported Ks values, which represent WGDs and the
divergence of duplicate gene pairs in plant families, are as
follows: Angiosperms (Ks > 3), Solanaceae (Ks = 0.60), Fabaceae
(Ks = 0.60), Poaceae (Ks = 0.90), Brassicaceae (Ks = 0.80)
(Schranz et al., 2012).

Prediction of Disordered Residues
More than 60 predictors of disorder have been developed (He
et al., 2009). A comparison of predictors and their variants
across 1,765 proteomes reveals considerable variation in their
ability to identify IDRs (Oates et al., 2013), indicating that
the reliability of the predictor used in this study had to be
evaluated critically before detailed analyses were under taken. In
a detailed comparison of 16 commonly used predictors, PONDR
VSL2b (Peng et al., 2006) had the best overall accuracy for long
disordered regions (Peng and Kurgan, 2012). Nevertheless, we
also explored DISOPRED v3.1 (Jones and Cozzetto, 2015) using
a selected group of model monocot and eudicot species. Our
analyses showed that overall DISOPRED v3.1 provided consistent
results with the predictions of PONDR VSL2b (r2 = 0.60 and
r2 = 0.96 for predicted IDRs and disordered regions with L > 30
aa, respectively) (Supplementary Figures S1–S3).

Data Analysis
Bar-plots and statistical analysis were performed with Origin
Pro8.6. The coefficient of determination, r2, of standard linear

1https://bioinformatics.psb.ugent.be/plaza/

regression protocols were calculated as:

r2
= 1−

({
RSS/df_ {Error}

}
/
{

TSS/df_ {Error}
})

where RSS is the residual sum of square and TSS is the total sum
of square (Anderson-Sprecher, 1994).

Sequence Alignment
Pairwise alignments of co-linear paralogous sequences were
determined using Clustal Omega (Sievers et al., 2011). For each
aligned pair, the aligned disorder predictions were compared in
order to calculate three types of IDRs: (1) identical disordered
residues, where both the amino acid sequence and disorder
predictions were identical (denoted hereafter as “identical
IDRs”), (2) similar disordered residues, where the disorder
predictions matched but the amino acid sequence varied (“similar
IDRs”), and (3) variable residues where disorder predictions were
not conserved (“variable IDRs”) (Yruela et al., 2017). The same
three IDRs types were also computed for the subset of residues
that were predicted to be disordered within long segments of at
least 30 contiguous disordered residues (L > 30 aa). In all cases
the fraction of IDRs were computed by dividing the number of
aligned IDRs with the total aligned residues.

The IDR categories described previously (Yruela et al., 2017)
and used here were inspired by work of Bellay et al. (2011) but
differ in some details reported previously by others. Bellay et al.
(2011) focused on orthologs and did not consider insertions and
deletions, only sequences that could be aligned. In contrast, here
we are studying paralogs. The three categories of IDRs described
above for our work provided useful categories for the IDRs
found in these proteins. For such proteins, we were particularly
interested in examples in which disordered/ductile regions were
present and absent in a given paralogous pair of proteins, and as
noted above, Bellay et al. (2011), did not consider insertions or
deletions at all.

Gene Ontology (GO) Enrichment Analysis
Gene Ontology annotations for the complete proteomes analyzed
were retrieved from PLAZA 4.0 and genome GO term (expected)
frequencies computed for each species. In addition, the subset
of GO annotations corresponding to pairs of paralogs harboring
long disordered segments (L > 30 aa) were used to compute
(1) observed GO term frequencies for co-linear genes and (2)
observed GO term frequencies for co-linear genes harboring at
least two thirds of identical IDRs. Enrichment was computed
by applying Fisher’s exact test with Bonferroni correction2 to
compare the observed and expected GO term frequencies. When
possible, plant-specific GO-slim terms were assigned to enriched
terms by parsing file3.

RESULTS AND DISCUSSION

We focused on the paralogs of 19 important plant species across a
broad spectrum of the Chlorobionta (i.e., green algae to eudicots)

2http://stat.ethz.ch/R-manual/R-devel/library/stats/html/fisher.test.html
3http://www.geneontology.org/ontology/subsets/goslim_plant.obo
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whose proteome size, basic haploid chromosome number
and number of co-linear paralogous pairs differ significantly
(Table 1). From 37 to 52% total aligned paralogous sequences
were identified by PONDR VSL2b as having an IDR signature.
These results are consistent with previous whole proteome
analyses (Yruela and Contreras-Moreira, 2012). The highest
percentages of aligned IDRs were found in monocot species
(50–52%); the lowest percentage was found in the green alga
C. reinhardtii (37%). The range of total aligned IDRs observed
for the 19 species examined in this study accords reasonably
well with the evolutionary origins of these taxa (i.e., total aligned
IDRs tend to increase with more recent descent). It is worth
nothing that these values were on average much lower than those
predicted using DisoPred v3.1 (Supplementary Table S1) and
also much lower than those previously reported (Yruela and
Contreras-Moreira, 2012) using DisoPred v2.42 (Ward et al.,
2004). The differences observed using both versions of DisoPred
are attributed to different sensitivities to IDRs longer than 20
amino acids (Jones and Cozzetto, 2015).

The fraction of aligned residues in long disordered segments
(L > 30 aa) was also calculated using PONDR VSL2b, which
revealed high proportions of IDRs located in such segments
L > 30 aa (ca. 60%) (Table 1). Similar results were obtained
using DisoPred v3.1 (Supplementary Table S1). Thus, the results
consistently indicated that a high proportion of IDRs reside in
long ductile segments (L > 30 aa) in paralogous pairs.

The distribution of the three types of IDRs (i.e., identical,
similar, and variable IDRs) was analyzed for the paralogous pairs
across all 19 species (Figure 1). Here we use the terms “identical
IDRs” for those that are conserved with respect to sequence,
length and location from one paralog to the next, “similar
IDRs” for those that show substantial sequence variations but are
conserved with respect to length and location from one paralog to
the next and “variable IDRs” for those that are observed in some
paralogs but absent in others.

Analyses indicated that the percentage of aligned identical
IDRs in paralogous sequences predicted by PONDR VSL2b
ranged between 30 and 60%. It was highest in the green algae
C. reindhardtii and lowest in the eudicot B. vulgaris (Figure 1).
These data are in agreement with previous results (Yruela and
Contreras-Moreira, 2013). The predicted fractions of similar
IDRs and variable IDRs were highest in B. vulgaris, M. truncatula,
P. persica, and C. sativus (Figures 1, 2). We speculate that the
differences observed among the three different kinds of predicted
IDRs reflect the history of genome duplication/polyploidy events
(i.e., both chromosome number and the number of paralogs) in
the species investigated in this study (Table 1). It is worth noting
that the basic haploid chromosome number of B. vulgaris, M.
truncatula, P. persica, and C. sativus are much reduced (n = 7 –
9) compared with those of the green alga C. reinhardtii (n = 17),
other monocots such as O. sativa (n = 12) and Z. mays (n = 10),
and eudicots such as G. max (n = 20) and P. trichocarpa (n = 19)

TABLE 1 | Characteristics of the nineteen plant species examined in this study.

Plant species Proteome size Haploid chromosome
number (n)

Pair of co-linear
paralogs

Fraction of total
aligned IDRs
PONDR VSL2

Fraction of aligned IDRs
in segments L > 30 aa

PONDR VSL2b

Chlorophyte (n)

Chlamydomonas reinhardtii 14,488 17 16 0.37 0.55

Bryophyte

Physcomitrella patens 48,022 27 1,858 0.50 0.62

Monocots (2n = 2×)

Zea mays 58,615 10 7,031 0.52 0.66

Sorghum bicolor 39,248 10 2,668 0.52 0.65

Oryza sativa 40,881 12 3,251 0.50 0.62

Brachypodium distachyon 33,844 5 2,335 0.50 0.63

Eudicots (2n = 2×)

Glycine max 71,525 20 37,292 0.45 0.56

Populus trichocarpa 73,110 19 13,988 0.46 0.55

Vitis vinífera 41,208 19 1,916 0.44 0.53

Brassica oleracea 56,687 9 20,660 0.48 0.57

Manihot esculenta 43,286 18 9,477 0.47 0.58

Gossypium raimondi 59,057 13 12,941 0.47 0.58

Capsicum annuum 40,627 12 498 0.42 0.48

Solanum lycopersicum 36,010 12 3,399 0.46 0.55

Arabidopsis thaliana 48,148 5 3,947 0.47 0.59

Prunus persica 32,595 8 2,392 0.47 0.58

Beta vulgaris 32,874 9 387 0.47 0.57

Medicago truncatula 57,661 8 3,322 0.47 0.57

Cucumis sativus 25,668 7 1,099 0.49 0.59
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FIGURE 1 | Bar-plot of the fraction (A) and box-plot distribution (B) of total aligned IDResidues. Identical IDRs (blue), similar IDRs (red), and variable IDRs (green)
based on PONDR VSL2b predictions.

(Table 1). Furthermore, the combination of multiple ancestral
WGD and more recent polyploidy events promoting high rates
of duplicated gene retentions (e.g., P. trichocarpa, G. max, B.
oleoracea) (Parkin et al., 2014; Panchy et al., 2016) likely also
favored the increase of identical IDRs.

With the exception of the green alga C. reinhardtii and
the bryophyte P. patens, a statistically significant and positive
correlation (r2 = 0.45, P = 8 × 10−4) was observed between
the number of co-linear paralogous pairs and the haploid
number of chromosomes across the 17 vascular plant species
(Supplementary Figure S2A). The proteome size and the
number of paralogs were also significantly correlated with one
another (r2 = 0.53, P = 5× 10−3) (Supplementary Figure S2B).

In order to further explore the relationship between
polyploidy and IDRs content, we analyzed the correlation
between the number of chromosomes and the fraction of the
three types of IDRs (i.e., identical, similar and variable IDRs).
A statistically positive and significant correlation (r2 = 0.42,
P = 5 × 10−3) was observed between the number of
chromosomes and the fraction of identical IDRs (Figure 3A
and Supplementary Figure S3A). In contrast, a statistically
significant negative correlation (r2 = 0.42, P = 5 × 10−3)
was observed for the fraction of similar IDRs (Figure 3B
and Supplementary Figure S3B). Little or no correlation was
observed between the number of chromosomes and the fraction
of variable IDRs (Figure 3C and Supplementary Figure S3C).

It has been reported that most of the retained duplicated
genes in angiosperms are enriched in Gene Ontology (GO)
categories associated with protein targeting, synthesis, and
post-translational modification (Ren et al., 2018). In order
to put in perspective our results and get additional insights,
we investigated the GO annotations function of (1) co-linear
paralogous proteins in all 19 plant species studied, and (2)
the group of co-linear paralogous harboring a majority of
identical IDRs. The analysis revealed that on average paralogs
are enriched in biological processes (P) (50–60%), molecular
functions (F) (20–30%) and cellular components (C) (15–30%)
GO categories with corrected p-values < 10E−6. Similar trends

were found in the group of paralogs enriched in identical
IDRs (p-values < 10E−5). Regarding biological processes, we
found that paralogs with identical IDRs are mainly associated
with terms such as “catalytic activity,” “metabolic process,”
“biosynthetic process,” “development,” “cell differentiation” and
“cell proliferation” (p-values < 10E−6). The most significant
association among specific molecular functions was with
“molecular binding” and “transport” terms (p-values < 10E−6).
Regarding cellular components we found that paralogs with
identical IDRs are associated with “plasma membrane” and
“thylakoid” terms (p-values < 10E−6).

Differences in the distribution of the fraction of IDRs
across the co-linear paralogous sequences could be the result
of differences in the locations of paralogous genes along
chromosomes. This attribution is based on a positive correlation
between genetic recombination rates and protein disorder
frequency observation, and on the fact that ductile segments
are more conserved between paralogs located in regions close
to (as opposed to distant from) centromeres (Yruela and
Contreras-Moreira, 2013). It is clear from previous analyses
and the results presented here that significant evolutionary
differences exist in proteomes and in the “dynamics” of
IDRs protein sequence sorting during polyploidy events, i.e.,
our data indicate that polyploidy incurs a disproportionate
increase in highly conserved flexibility/ductility compared
with less conserved and random disordered/ductile protein
regions.

Differences in the distribution of the three types of IDRs have
been also observed in a set of transcription factor orthologs
involved in key developmental processes such as cellular
differentiation, cell division, cell cycle, and cell proliferation
(Yruela et al., 2017). Analyses indicated that the fraction
of predicted aligned identical IDRs is higher in the green
algae (chlorophytes) and non-vascular land plants (bryophytes)
compared to vascular plants and animals, whereas the fraction
of less conserved IDRs (similar and variable IDRs) is lower in
the green algae (chlorophytes) and the non-vascular plants in
comparison to vascular plants and animals (Yruela et al., 2017).
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FIGURE 2 | Bar-plot of the fraction (A) and box-plot distribution (B) of aligned residues in ductile regions (L > 30 aa). Identical IDRs (blue), similar IDRs (red), and
variable IDRs (green) based on PONDR VSL2b predictions.

FIGURE 3 | Scatter plots of chromosome numbers versus the fraction of aligned identical IDRs (A), similar IDRs (B), variable IDRs (C) for C. reindhartii (n = 17),
P. patens (n = 27), Z. mays (n = 10), S. bicolor (n = 10), O. sativa (n = 12), B. distachyon (n = 5), G. max (n = 20), P. trichocarpa (n = 19), B. oleracea (n = 9),
M. esculenta (n = 18), V. vinifera (n = 19), G. raimondi (n = 13), C. annuun (n = 12), S. lycopersicum (n = 12), A. thaliana (n = 5), P. persica (n = 9), B. vulgaris (n = 9),
M. truncatula (n = 8), C. sativus (n = 7). Disordered predictions are based on PONDR VSL2b.

To illustrate differences of IDRs in paralogs compared with
orthologs we selected two transcription factors of A. thaliana
previously examined by Yruela et al. (2017). Figure 4 shows
the distribution of predicted aligned IDRs along the sequences
of the GATA10 and NAC92 transcription factor paralogs,
which belong to zinc finger and NAC families, respectively.

Inspection of Figure 4A shows that co-linear paralogs of GATA10
(AT1G08000), located on chromosome 2 (AT2G28340) and
chromosome 3 (AT3G54810), have important differences in the
distribution of IDRs, as indicated in the marked zinc-finger
GATA-type binding domain. Although the three transcription
factors have a high proportion of IDRs (ca. 90%), analysis
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FIGURE 4 | Alignments of the co-linear GATA10 (A) and NAC92 (B) paralogs in A. thaliana. The protein length is given to the right of each sequence. The color
coded bars in each sequence depict predicted disorder. Disordered residues are shown in red, ordered residues are shown in gray, and alignment gaps are shown in
white. Typical DNA-binding domains are shown as black boxes.

FIGURE 5 | Alignments of the co-linear NAKR1 paralogs in A. thaliana (A) and G. max (B). The protein length is given to the right of each sequence. Sequences are
represented by color coded bars representing predicted disorder. Disordered residues are shown in red), ordered residues are shown in gray, and alignment gaps are
shown in white. Typical DNA-binding domains are shown as black boxes.

indicates that between 13 and 30% of the aligned residues
correspond to identical IDRs. The percentage of similar and
variable IDRs ranges from between 30 and 46%. It has
been speculated that the three paralogs are involved in cell
differentiation, and that they might be involved in the regulation
of some light-responsive genes. We speculate further that
variations observed in the distribution of IDRs around the DNA-
binding motif might result in different paralog functionalities.
Such differences contrast with those observed in GATA orthologs

(Yruela et al., 2017). In particular the distribution of IDRs in
the zinc-finger GATA-type binding domain is more conserved
and manifests a progressive gain of IDRs from green algae
to vascular plants, which increases flexibility/ductility in the
functional domain.

The alignment of NAC92 (AT5G39610) paralogs on
chromosome 3 (AT3G29035 or NAC59) and chromosome
1 (AT1G69490 or NAC29) also reveals notable differences in
IDRs distributions. The percentage of total aligned IDRs is ca.
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40%, and that of identical IDRs is ca. 10–20%. Such differences
likely contributed to functional divergences. NAC92 and NAC59
are involved in senescence, salt stress responses, and lateral root
development (Balazadeh et al., 2010), whereas NAC29 is involved
in heat stress responses (Zhao et al., 2018).

An additional interesting example is the comparison between
the co-linear NAKR paralogs in A. thaliana (n = 5) and
G. max (n = 20) (Figure 5). The pair of co-linear NAKR1
(AT5G02600) and NAKR2 (AT2G37390) paralogs located on
A. thaliana chromosomes 5 and 3, respectively, show notable
differences in the IDRs distribution along sequences (Figure 5A).
The percentage of total aligned IDRs is ca. 82% in contrast
to the percentage of identical IDRs, which is only ca. 24%.
The percentage of similar and variable IDRs is 52 and 22%,
respectively. The alignment reveals once again differences in
the distribution of IDRs, particularly in the functional HMA
domain. NAKR1 (Sodium Potassium Root Defective1) is a
heavy metal-binding protein expressed in phloem. It interacts
with the FLOWERING LOCUS T (FT) transcription factor and
regulates flowering through both the transcriptional regulation
and transport of FT, especially in response to potassium
availability (Negishi et al., 2018). The precise function of NAKR2
is still unclear. In contrast, in G. max the differences in the
IDRs composition of the HMA domain across the seven co-
linear NAKR1 paralogs are smaller, in particular among four of
them, Glyma13G133600, Glyma10G045700, Glyma19G175100,
and Glyma03G174100 located on G. max chromosomes 13,
10, 19, and 3, respectively (Figure 5B). The proportion of
aligned IDRs on average ranges from 53 to 81%. The fraction
of identical IDRs is ca. 87%, and those of similar IDRs and
variable IDRs are ca. 1 and 0.6%, respectively. These observations
once again support our hyphothesis that polyploidy likely favors
increases in highly conserved flexibility/ductility. This fact might
have preserved essential functionalities during the course of
angiosperm evolution.

CONCLUSION

In summary, the results reported here indicate: (1) a positive
correlation between chromosome number and the fraction
of paralogous sequence that are identified as identical IDRs,
and (2) a negative correlation between chromosome number
and the fraction of paralogous sequences that are identified
as similar IDRs. We interpret these findings to indicate (1)
retention of paralogs with identical IDRs after WGD (or
WTG) could be favored by selection because identical IDRs (as
opposed to similar/variable IDRs) facilitated essential functions
involved in development, and (2) the retention of genes
with high proportions of similar/variable IDRs after WGD
(or WTG) could be less likely and therefore tended to be
lost in one of paralogs. We argue that the patterns observed

for similar/variable IDRs pattern are simply a byproduct of
recent WGD (or WTG) events. Thus, ancient WGD (or WGT)
events in species such as Z. mays, G. max, and P. trichocarpa
have disproportionately favored an increase in aligned identical
IDRs across paralogs, thereby contributing to the stability of
functions such as the catalytic activity of proteins, metabolic
and transport processes, and molecular binding. Based on these
characteristics, it is not unreasonable to speculate that, over
evolutionary time, duplication events have stabilized proteome
adaptive functionalities.
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FIGURE S1 | Average fraction (A,B) and box-plot distribution (C,D) of total
aligned IDRs (A,B) and aligned residues in ductile regions (L > 30 aa). Identical
IDRs (blue), similar IDRs (red), and variable IDRs (green). The data represent the
average of paralogs in the proteomes of three monocots (Z. mays, O. sativa, B.
distachyon) and two eudicots (P. trichocarpa, A. thaliana). Disordered predictions
are based on DisoPred v3.1.

FIGURE S2 | Scatter plots of (A) number of chromosomes versus number of
paralogous pairs and (B) proteome size versus number of paralogous pairs in
monocots (Z. mays, O. sativa, B. distachyon) and eudicots (P. trichocarpa, A.
thaliana). Disordered predictions are based on DisoPred v3.1.

FIGURE S3 | Scatter plots of number of chromosomes versus the fraction of
aligned identical IDRs (A), similar IDRs (B), and variable IDRs (C) in monocots
Z. mays (n = 10), O. sativa (n = 12), B. distachyon (n = 5), and eudicots
P. trichocarpa (n = 19) and A. thaliana (n = 5). Disordered predictions are based on
DisoPred v3.1.

TABLE S1 | Characteristics of the plant species examined with DisoPred v3.1.
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All land plants so far examined use DNA methylation to silence transposons (TEs).
DNA methylation therefore appears to have been co-opted in evolution from an original
function in TE management to a developmental function (gene regulation) in both
phenotypic plasticity and in normal development. The significance of DNA methylation
to the evolution of developmental complexity in plants lies in its role in the management
of developmental pathways. As such it is more important in fine tuning the presence,
absence, and placement of organs rather than having a central role in the evolution
of new organs. Nevertheless, its importance should not be underestimated as it
contributes considerably to the range of phenotypic expression and complexity available
to plants: the subject of the emerging field of epi-evodevo. Furthermore, changes in DNA
methylation can function as a “soft” mutation that may be important in the early stages
of major evolutionary novelty.

Keywords: methylome, epialleles, plant evodevo, epigenotype, epi-evodevo, histones, chromatin, Baldwin effect

INTRODUCTION – EPIGENETICS AND DEVELOPMENT

The evolution of complex organs and systems such as vasculature, rooting structures, flowers, or
seeds is key to the success of land plants. Concomitantly, we observe an increase in the number of
different major cell types that can range from 12 or 13 in liverworts and hornworts to 44 in flowering
plants (Niklas et al., 2014). An increase in distinct cell types requires a precise and increasingly
complex interpretation of the genome to initiate differentiation and maintain cell identity across
mitotic divisions thus allowing for tissue and organ formation. In addition to a diversity in organ
form, sessile land plants can exhibit an impressive phenotypic plasticity that contributes to their
ability to colonize, grow, and reproduce in unpredictable terrestrial environments. As opposed to
vertebrates with a fixed body plan, land plants are modular in construction, and individuals of the
same genotype can vary in size, placement, and frequency of organs (such as leaves) depending
on the environment they are exposed to. Thus, there is a complex interplay between internal
and external signals. At the molecular level, land plants have a remarkable diversity of epigenetic
pathways at their disposal that likely play key roles in developmental complexity, phenotypic
diversity, and adaptive capacity (Bossdorf et al., 2008; Bräutigam et al., 2013; Kooke et al., 2015).

Covalent modifications of DNA and histones, together with histone variants, chromatin
modulating factors, and non-coding RNAs shape the epigenetic landscape that controls
development in many eukaryotes, particularly complex eukaryotes. However, it should be noted
that there are general differences between animal and plant development that may affect the use
of epigenetic mechanisms in gene regulation. One such difference is the relative importance of
cell lineage in development. In many animals there is sustained maintenance of cell identity in
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lineages, spanning many mitoses. In Caenorhabditis elegans for
instance “rigidly determined cell lineages generate a fixed number
of progeny cells of strictly specified fates” (Sulston and Horvitz,
1977). In plants, cell fate is more likely to be determined by
cell-context signaling, i.e., cell position relative to its neighbors
(Pennell et al., 1995). This may help to explain some plant-animal
epigenetic differences. For instance, it has been suggested that
gene repression by the chromatin remodeling Polycomb-group
(PcG) proteins is generally less long lasting and more responsive
to developmental and environmental cues in plants than it is in
animals (Köhler and Grossniklaus, 2002). This in turn is perhaps
related to kingdom-specific diversification of PcG proteins. An
absence in plants of certain animal-specific PcG proteins that are
required for long-term maintenance of gene repression in animal
cell lineages is observed along with duplications of other PcG
components (Köhler and Grossniklaus, 2002).

Similarly, plants differ from animals in that the plant
“germline” (such as it is) is set at a late stage mostly by
environmental or cell-context signaling (Whipple, 2012) whereas
in animals the germline is generally determined early and
is lineage based. There is, however, evidence emerging for a
reduced number of stem cell divisions in axillary meristems,
resulting from early set-aside, analogous to the animal germline
(Burian et al., 2016). In plants the situation is complicated
by the intercalation of a gametophyte generation between
meiosis and gametogenesis, but in angiosperms the germline
is interpreted as originating in the archesporial (meiotic fate)
cells of anther or ovule (Kelliher and Walbot, 2012). The lack
of separation between germ line and soma in plants may make
transgenerational transmission of epialleles intrinsically more
likely in plants (Jablonka and Lamb, 1998; Cronk, 2001) as the
setting of the animal germline involves extensive methylation
reprogramming (Lees-Murdock and Walsh, 2008). Epigenetic
reprogramming in the germline of angiosperms also occurs, but it
is highly specific and complex (Slotkin et al., 2009) and, unlike in
animals, methylation in CG and CHG contexts is largely retained
(Calarco et al., 2012).

Land plants (embryophytes) have a further major distinction
from animals in that they have an alternation of haploid and
diploid generations. In this, the same set of genes (in diploid
vs. haploid form) generates two morphologically divergent
organisms. It has been suggested that epigenetic reprogramming
is likely to be involved in this extraordinary phenomenon (Cronk,
2001) and there are now studies that bear this out (Mosquna
et al., 2009; Okano et al., 2009) and some that implicate DNA
methylation as part of this control (Yaari et al., 2015).

In a broad evolutionary context, a particularly interesting
taxonomic group are streptophyte algae (Zygnematophyceae,
Coleochaetophyceae, Charophyceae, and Klebsormidiophyceae),
as they comprise the lineage in which the embryophytes evolved.
It is therefore of especial interest that the Klebsormidium and
Chara genomes have recently been sequenced (Hori et al., 2014;
Nishiyama et al., 2018), as this opens the way to future studies
of methylation in these taxa. The closest algal group to the land
plants is the Zygnematophyceae (Turmel et al., 2006; Timme
et al., 2012; Ruhfel et al., 2014; Wickett et al., 2014; Gitzendanner
et al., 2018), and further sequencing in this group will also assist

the elucidation of DNA methylation processes directly ancestral
to those of the embryophytes.

The evolution of epigenetic function as it affects the evolution
of plant development (“epi-evodevo”) will be a fertile field of
enquiry. DNA methylation is one of the better-known epigenetic
mechanisms, yet determining how the evolving methylome is
linked to the evolution of plant form is still a major challenge.

CONSTITUTIVE AND FACULTATIVE
EPIGENETIC CONTROL OF
DEVELOPMENT

In plants, developmental control through epigenetic mechanisms
can be considered either constitutive (internal signals) or
facultative (external signals). Constitutive developmental control
is based on internal developmental cues and is characteristic of
organism-specific normal development. In contrast, facultative
developmental control is based on external environmental
cues and is how organisms (especially plants) respond to
different environments by developmental plasticity giving rise to
environment-specific phenotypes.

Epigenetic Control in Constitutive
Development
Well-documented examples for constitutive epigenetic control in
development relate to events central to reproduction and seed
development in angiosperms/Arabidopsis. If disrupted, these can
have detrimental effects on the formation of reproductive tissues
and seeds (Chaudhury et al., 1997). Such examples include global
demethylation of the genome in vegetative companion cells in
the female and male gametophyte to reinforce TE silencing in
the sperm and egg cells as well as the embryo (Hsieh et al.,
2009; Slotkin et al., 2009; Law and Jacobsen, 2010), genomic
imprinting in the nourishing tissue, the endosperm (Rodrigues
and Zilberman, 2015), or extensive DNA methylation changes
during seed development (Kawakatsu et al., 2017).

Double fertilization to form a triploid nutritive tissue
(endosperm) is an angiosperm innovation of enormous
evolutionary importance, and one that requires epigenetic
controls during development. Two sperm cells are involved: one
sperm nucleus fertilizes the egg to form the zygote and ultimately
the embryo while the other sperm nucleus fuses with the two
nuclei of the central cell to give rise to the endosperm, i.e., the
tissue that nourishes the developing embryo. Intriguingly, global
de-methylation is observed in the central cell of the female
gametophyte prior to fertilization. This results in a marked
increase of small interfering RNAs (siRNAs) likely due to the
re-activation of transposons. These siRNAs are thought to
migrate to the egg cell and reinforce TE silencing in the egg cell
and likely the developing embryo (Hsieh et al., 2009; Law and
Jacobsen, 2010). Similar demethylation and reinforcement events
have also been observed in the male gametophyte (Slotkin et al.,
2009).

Due to the demethylation in the central cell, maternal
and paternal genomes in the endosperm differ in their DNA
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methylation levels in the endosperm. This can result in
the parent-of-origin dependent gene expression (genomic
imprinting) which affects a number of genes including the
FERTILIZATION INDEPENDENT SEEDS (FIS)-complex
genes MEDEA and FIS2. Misexpression of MEDEA, for
example, can result in seed abortion and/or abnormal embryo
development (Grossniklaus et al., 1998). Theories for the
emergence of genomic imprinting in plants include parental
conflicts in resource allocation, co-adaptation of maternal
and embryonic characteristics or dosage-dependent gene
regulation, however, much remains to be learned about the
biological significance and role in plant evolution (Rodrigues
and Zilberman, 2015). Furthermore, following fertilization and
initial embryo development, genome-wide changes in DNA
methylation shape the epigenome during seed development,
dormancy, and germination. During seed development, extensive
hypermethylation especially in CHH context in TEs is observed
which is reset during germination (Kawakatsu et al., 2017).

Another example of constitutive is provided by the role of
CURLY LEAF (CLF) in normal leaf development (Goodrich
et al., 1997). CLF is a polycomb group (PcG) protein, a group
that functions by remodeling chromatin to maintain stable gene
repression through many mitoses, i.e., marking a cell lineage.
PcG proteins form modular multimeric complexes that fulfill
diverse roles in development. Several genes coding for polycomb
repressive complex 2 (PRC2) components have diversified in
plants. The EMBRYONIC FLOWER 2-containing complex,
for example, maintains vegetative development and represses
reproduction while the FIS-complex prevents seed development
in the absence of fertilization in Arabidopsis (Hennig and
Derkacheva, 2009).

Epigenetic Control in Facultative
Development
An example of facultative developmental control is the
vernalization response. This is the plant’s memory of having
passed through winter, giving it the competence to flower.
It involves the PcG protein VERNALIZATION 2 (VRN2)
(Wood et al., 2006) along with a complex suite of epigenetic
pathways including chromatin remodeling factors, histone
modifications, non-coding RNAs, and DNA methylation (He,
2012). Vernalization is a facultative epigenetic response whereby
environmental cues determine the developmental outcome
between two phenotypic states, vegetative and flowering.

Similarly, perception of the light environment during
fundamental transitions in development such as germination
and photomorphogenesis (i.e., the transition to autotrophic
growth in the seedling) relies on environmental signals that are
translated into altered chromatin states and consequently massive
transcriptional reprogramming. Light exposure perceived by
photoreceptors eventually leads to reduced hypocotyl elongation,
the opening of embryonic leaves (cotyledons), and chlorophyll
biosynthesis. This process involves major changes in the genome
organization to induce permissive chromatin states at hundreds
of light-inducible genes. Such changes encompass an increase
in size of the nucleus, a moderate ploidy level increase through

endoreduplication, heterochromatin condensation, and histone
modifications (Bourbousse et al., 2015).

Environmental signals can be integrated into the chromatin
landscape in such a way that development and genome function
are fine-tuned. Morphological changes, often subtle, can be
observed in postembryonic development in response to variable
environmental conditions and challenges. Environmental signals
can be incorporated via hormone signaling into the chromatin of
vegetative meristems. This in turn can modulate root architecture
or leaf development (Xiao et al., 2017). A good example of a
morphological response to environmental stress is the increased
leaf trichome formation in the yellow monkey flower Mimulus
guttatus as defense against insect herbivory. Trichomes are
epidermal outgrowths and a model for cell differentiation and
patterning. In M. guttatus, trichome density is not only stimulated
in herbivory exposed plants but this trait is also epigenetically
transmitted to their non-stressed offspring, and is likely mediated
by changes in the expression of a MYB transcription factor
(Scoville et al., 2011).

A further example is the ability of Arabidopsis plants to
fine-tune water relations epigenetically. Low relative humidity
induces hypermethylation at SPEECHLESS (SPCH), a gene in the
stomatal developmental pathway. This correlates with reduced
SPCH gene expression and a reduced stomatal index (Tricker
et al., 2012). Intriguingly, DNA methylation pattern at SPCH and
stomatal phenotype were transmitted to progeny, although both
were reversable under repeated stress treatment in these progeny
(Tricker et al., 2013a,b).

Finally, epigenetic recombinant inbred lines (epiRILs) that
are isogenic but differ in their DNA profiles are useful tools
to study the effects or epigenetic variation on plant phenotype.
Work in Arabidopsis epiRILs shows that the variation in
morphological and physiological traits (e.g., flowering time or
plant height) among epiRILs is comparable to that observed
among natural accessions highlighting the potential of DNA
methylation variation in modulating phenotype (Johannes et al.,
2009; Roux et al., 2011).

Thus, DNA methylation and other modifiers of the chromatin
landscape can effectively shape plant phenotype without, or
prior to, genetic change; i.e., they can be considered a
“conditions-sensitive ability to create diversity [. . .] related to
both ontogenetic adaptive plasticity and evolutionary adaptation”
(Jablonka, 2013).

DNA METHYLATION IN GREEN PLANTS

Methylation of cytosine (5-methylcytosine) is a common covalent
modification of DNA which can be passed on across mitotic
and meiotic cell divisions. While it does not alter the primary
sequence of the DNA and thus the genetic information, DNA
methylation plays important roles in maintenance and regulation
of genome structure and function (Figure 1). For example, it
contributes to the organization of chromatin into condensed
heterochromatic regions, is involved in repeat silencing, and
has been implicated in the regulation of gene expression and
recombination. It can affect central biological processes ranging
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FIGURE 1 | Epigenetic maintenance of genome integrity involves both repeats and genes in plant genomes. A close interplay between genetic elements and
epigenetic pathways ensures homeostasis of eu- and heterochromatin. (A) Silent transposons (TEs) are characterized by heterochromatic marks such as DNA
methylation (black lollipops, non-CG context) and histone methylation (H3K9me2, gray diamonds). These marks are maintained by a self-reinforcing loop between
CMT3, a DNA methyltransferase, and histone methyltransferases. Another feedback loop stabilizes active genes. IBM1, a histone demethylase prevents repressive
H3K9me2 histone mark from spreading into genes. (B) ROS1, a central enzyme that removed DNA methylation marks, links local DNA methylation within its own
promoter to genome-wide DNA methylation levels: acting as “methylstat.” Methylation of a sequence with the promoter of ROS1 close to a TE promotes expression
of ROS. ROS1 in turn demethylates its own promoter and other regions in the genome. By monitoring the genome’s methylation status and adjusting its own
expression ROS1 contributes to fine-tuning of the cell’s DNA methylation levels. Active DNA methylation is performed by RdDM or Met1. (C) The histone
demethylase IBM1 contains a heterochromatic repeat in one of its introns. Correct IBM1 expression is crucial for the protection of genes from heterochromatic marks
(H3K9me2, non-CG methylation) and thus correct genome-wide expression profiles. Reduction of DNA methylation at this repeat reduces IBM1, which leads to
genome-wide hypermethylation in thousands of genes and a number of developmental defect. Gene and regulatory loops shown reflect processes in Arabidopsis
(Lei et al., 2014; Sigman and Slotkin, 2016).

from normal cell function to genomic imprinting, regulation
of development or responses to environmental cues, and is of
relevance in heterosis (hybrid vigor) or polyploidization events.

In addition to 5-methylcytosine discussed herein, plant DNA
can contain a number of non-canonical base modifications at
low frequencies. These including various oxidized derivatives of
5-methylcytosine or N6-methyladenine (6mA) (Liu et al., 2013;
Zhou et al., 2018). While such base modifications have been rarely
studied in a plant evolutionary context, 6mA might emerge as an
interesting epigenetic mark in plant and animal systems (Greer
et al., 2015; Zhang et al., 2015; Zhou et al., 2018).

For DNA methylation, the sequence context is of relevance.
Whereas animals (metazoa) are characterized predominantly
by CG methylation, DNA methylation in plants occurs in
all sequence contexts: symmetric CG, CHG, and asymmetric
CHH (H = A, T, or C) which are set and maintained by
context-specific but partially overlapping molecular pathways.
A number of distinct DNA methyltransferases both generate (de
novo), and subsequently maintain, DNA methylation at three
sequence contexts: MET1 maintains CG methylation, plant-
specific CHROMOMETHYLASES (CMTs) pathways target CHH
(CMT2) and CHG sites (CMT3 and CMT2) in repeats and

transposons, and asymmetric CHH methylation is maintained
via DRM2 through persistent de novo methylation (RNA-directed
DNA methylation pathway, RdDM). Names here refer to proteins
in Arabidopsis (Law and Jacobsen, 2010; Stroud et al., 2013).

DNA methylation is an ancient epigenetic mark. In the
green lineage (Viridiplantae), it is found in all major taxonomic
groups including Chlorophycean green algae, liverworts, mosses,
ferns, gymnosperms, or angiosperms (Feng et al., 2010; Zemach
et al., 2010; Takuno et al., 2016). Given its function and
conservation, epigenetic regulation via DNA methylation is
likely an important factor in plant evolution. The variability of
methylomes among taxonomically diverse plants has recently
attracted increasing attention (Niederhuth et al., 2016; Vidalis
et al., 2016). However, only recently are we beginning
to understand how DNA methylation patterns are shaped
over evolutionary time scales, and how individual epigenetic
variability contributes to phenotypic variation and adaptive
potential (Bossdorf et al., 2008; Bräutigam et al., 2013;
Vidalis et al., 2016). Here we bring together the current
understanding of DNA methylation in plant evolution and
development, drawing widely on studies from across the green
plants.
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DNA METHYLATION OF
TRANSPOSABLE ELEMENTS

Within all plant genomes, DNA methylation shows a non-
random distribution: DNA methylation is universally enriched
in repetitive regions such as transposable elements (TEs),
centromeric repeats, and rDNA (Slotkin and Martienssen, 2007;
Feng et al., 2010; Zemach and Zilberman, 2010). Active TEs
are mutagenic and can disrupt genes, regulatory regions, and
affect genome integrity. Most existing TEs are, however, inactive,
i.e., silenced and/or non-functional. Silencing of TEs has been
proposed as one of the original functions of DNA methylation
pathways (Slotkin and Martienssen, 2007; Mirouze and Vitte,
2014; Sigman and Slotkin, 2016).

Transposable elements show increased levels in DNA
methylation in all sequence contexts (most prominently CG
and CHG), a feature detected in almost all of the studied
plant epigenomes ranging from the moss Physcomitrella to
gymnosperms and angiosperms (Chan et al., 2008; Feng et al.,
2010; Zemach et al., 2010; Niederhuth et al., 2016; Lang et al.,
2018). Preferential methylation of repeats has also been reported
in the distantly related green algae Chlamydomonas, Chlorella,
and Volvox (Feng et al., 2010; Zemach and Zilberman, 2010).
Work in the model plant Arabidopsis thaliana has shown that
silent TEs adopt a distinct chromatin state, characterized by the
repressive histone H3 lysine 9 dimethylation (H3K9me2) mark
in combination with elevated DNA methylation levels and other
histone modifications (Cokus et al., 2008; Roudier et al., 2011).
This repressive heterochromatin of silent TEs is one of four
major chromatin states described for the A. thaliana genome, and
distinct from chromatin of actively transcribed genes, polycomb-
repressed genes, and intergenic regions (Roudier et al., 2011).

Transposable element repression is mediated by overlapping
mechanisms (double lock) including a re-inforcement loop
between H3K9me2 and (non-CG) DNA methylation, and it
also involves small interfering RNA (siRNA) (Slotkin and
Martienssen, 2007; Roudier et al., 2011; Mirouze and Vitte,
2014; Sigman and Slotkin, 2016). While the boundaries between
heterochromatic TEs and euchromatic genes are generally
reinforced, heterochromatin can sometimes spread from silenced
TEs and influence the expression of genes in their vicinity.
Examples in A. thaliana include FLOWERING WAGENINGEN
(FWA) or BONSAI (BNS) (Soppe et al., 2000; Saze and Kakutani,
2007). In addition, there are multiple further mechanisms by
which TEs can influence the expression of genes in cis and in trans
as reviewed previously (Slotkin and Martienssen, 2007; Mirouze
and Vitte, 2014; Sigman and Slotkin, 2016).

FROM CONTROL OF TEs TO CONTROL
OF GENES: THE METHYLATION
TRANSITION

The use of DNA methylation to control TEs is nearly ubiquitous
in eukaryotes and is thus apparently an ancient feature. The
additional molecular inventory to use DNA methylation to

control genes, by the specific methylation of promoters and
transcriptional start sites, appears to have arisen later in evolution
but is apparently ubiquitous in the embryophytes (Figures 2, 3).

The moss, Physcomitrella patens has a DNA
METHYLTRANSFERASE 1 (MET1) homolog as well as a
CHROMOMETHYLASE (CMT) gene, RdDM methylases and
two additional DNA methyltransferases (Malik et al., 2012). Loss
of these genes results in overexpression of other genes in the
moss genome implying they that they have a repressive role in
gene transcriptional control.

Given the extensive level of transcriptional control by DNA
methylation evident in land plants, it would be fair to ascribe
considerable developmental significance to DNA methylation.
It would follow that the evolution of gene expression control
from TE control is one of the most significant evolutionary
transitions in the emergence of complex organisms. In fact,
loss of key genes, such as MET1, can have rather variable
impacts on development. In the moss Physcomitrella, for
instance, plants lacking the MET1 homolog failed to produce
sporophytes (Yaari et al., 2015). This drastic effect has been
ascribed to impaired gamete development, fertilization or early
steps in embryo development due to concomitant loss of
CG methylation. In contrast, loss of the MET1 homolog,
had, surprisingly, no effect on gametophyte development
(Yaari et al., 2015); however, treatment of the gametophyte
with the methyltransferase inhibitor zebularine does produce
abnormal phenotypes (Malik et al., 2012). These observations
in Physcomitrella indicate strong life-cycle specificity of DNA
methylation effects as well as partial redundancy in the
DNA methylation machinery (Malik et al., 2012; Yaari et al.,
2015).

Similarly, Arabidopsis mutants with altered DNA methylation
levels show diverse phenotypic characteristics. Lack of functional
AtMET1 which results in strongly reduced CG methylation,
leads to a number of abnormalities including small plant
size, reduced fertility, changes in flowering time, or altered
floral morphologies (Finnegan et al., 1996; Kankel et al., 2003;
Mathieu et al., 2007). Here, the late flowering phenotype
can be attributed to ectopic FWA expression due to DNA
methylation loss at a TE upstream of the gene (Soppe et al.,
2000). Moreover, loss of MET1 in Arabidopsis results in
impaired development in a significant proportion of embryos
(Xiao et al., 2006). These embryos show misregulation of
gene expression, abnormal patterns of cell division (planes
and number or cell divisions) or improperly formed auxin
gradients (Xiao et al., 2006). While some Arabidopsis mutants
with lesions in individual components of the DNA methylation
machinery such as the DNA methyltransferases CMT3, DRM1,
or DRM2 grow like wildtype plants, simultaneous loss of
multiple components results in developmental defects (e.g., drm1
drm2 cmt3 triple mutant with loss of non-CG methylation
(Cao and Jacobsen, 2002; Chan et al., 2006), or enhances
phenotypic abnormalities: met1 cmt3 double mutant (Xiao et al.,
2006).

The mild defects observed in several individual Arabidopsis
mutants thus likely reflect redundancies of DNA methylation
pathways and the generally low DNA methylation levels in
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FIGURE 2 | Genomic, epigenomic, and morphological characteristics in Viridiplantae. The various taxonomic groups of the Viridiplantae are characterized by
differences in global genome characteristics, the complement of epigenetic factors (selected factors/pathways shown), and plant function. Genome size is visualized
for selected species (diameter corresponds to log (genome size)), along with the proportion of repeats (dark gray slice), global DNA methylation (mC), and gene body
methylation (GbM). Dark cells indicate presence, white cells absence, light gray: missing data, shaded: pathway/complex likely incomplete due to missing
components, or due to factors that differ in protein size or lack a characteristic domain. Data are based on Hennig and Derkacheva (2009); Feng et al. (2010),
Zemach and Zilberman (2010); Raj et al. (2011), Matzke et al. (2015); Takuno et al. (2016) and Bewick et al. (2017). MET1, DNA METHYLTRANSFERASE1; CMT3,
CHROMOMETHYLASE 3; pol V, RNA polymerase V; JmjC, JumonjiC domain-containing histone demethylases; PRC, Polycomb group repressive complex. Note (#):
While mostly low, GbM can be prominent in particular stages of M. polymorpha life cycle, especially in antherozoids (male gametes) (Schmid et al., 2018).

this plant (Figure 2). Plant species with larger genomes, higher
repeat content, and global DNA methylation levels such as rice
or maize show more severe phenotypes or lethality in DNA
methylation mutants (Erhard et al., 2009; Hu et al., 2014). For
example, lack of OsMET1 in rice resulted in abnormal seeds
and seedling lethality (Hu et al., 2014), and in contrast to
Arabidopsis, rice chromomethylase (cmt3a) mutants produced
less biomass, showed low fertility and were characterized by
complex expression changes of cellular genes and mobilization of
TEs (Cheng et al., 2015). These examples show that while DNA
methylation retains a central function in TE management, it also
plays key roles in the regulation of developmentally important

genes, likely as part of a complex regulatory network, and with
built in redundancies.

DIVERSIFICATION OF DNA
METHYLATION PATHWAYS

While DNA methyltransferase 1 (MET1), CMT, and RdDM
functionality is present in all land plants (i.e., setup and
maintenance of DNA methylation in all sequence contexts),
there is evident evolutionary diversification in several DNA
methylation pathways, indicating an expansion of their roles. For
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FIGURE 3 | Macro-epi-evodevo. The evolution of land plants is characterized by various developmental innovations, which are accompanied by emergence,
co-option, and divergence of various genome- and epigenome-related processes. Plants uniformly employ DNA methylation and related pathways for Transposon
(TE) silencing, genomes of ferns and more evolved plants show gene body methylation, and histone modifying enzymes (JmjC histone demethylases) as well as
chromatin modifying complexes (PRC1/2) have diversified during the evolution of land plants. More recently, new pathways such as CMT3 or pol V pathways have
emerged during the evolution of angiosperms which are involved in DNA methylation in non-symmetric sequence context or have been hypothesized to play a role in
genome-reduction after polyploidization. In parallel, new phenomena such a genomic imprinting, complex organ development, and environmental memory occur in
angiosperms.

example, the complex pol V branch of RdDM pathway (Figure 2)
is only fully functional in angiosperms and has been hypothesized
to play a role in diploidization and genome reduction after whole-
genome duplication shock (Matzke et al., 2015). Similarly, CMT3,
involved in the maintenance of non-CG methylation through
a reinforcement loop with histone methylation (H3K9me2) is
angiosperm-specific and can be counteracted by a angiosperm-
specific histone demethylase (Increase in BONSAI Methylation
1, IBM1) that prevents spreading of DNA methylation. More
generally, histone demethylases and PRC components have
diversified gradually during land plant evolution (shown for JmjC
type in Figure 2) potentially contributing to the regulation of
increased developmental complexity and extensive interactions
with the environment. Table 1 gives some examples of the
control of developmental pathways by targeted methylation or
demethylation.

Further complexity in DNA methylation pathways result from
linking a repeat sequence to the plant’s methylation status. An
interesting example of this, for the control and fine-tuning of

gene expression and development in Arabidopsis, is provided by
ROS1 (REPRESSOR OF SILENCING1) and IBM1 (Figures 1B,C).
Both can act as epigenetic rheostat or “methylstat” to establish a
genome-specific DNA methylation equilibrium. ROS1 encodes a
DNA demethylase, an enzyme that removes DNA methylation
catalytically. The ROS1 enzyme functions genome-wide and
counteracts DNA methylation pathways such as RdDM. In
the ROS1 promoter, MEMS (DNA methylation monitoring
sequence), a sequence adjacent to a Helitron TE, is critical for
regulating the expression of ROS1. Somewhat counter-intuitively,
ROS1 expression is promoted when this sequence is methylated
(e.g., by RdDM) and inhibited by demethylation (e.g., by ROS1
itself). Upon expression, the ROS1 enzyme demethylates its
own promoter thus reducing its own expression. Reduced ROS1
activity allows then for increased ROS1 promoter methylation
and expression until an equilibrium is reached (Sigman and
Slotkin, 2016).

Increase in BONSAI Methylation 1 encodes a histone
demethylase which is involved in preventing spread of DNA
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TABLE 1 | Some examples of developmental genes regulated by, or affected by, methylation status.

Gene Developmental pathway Notes Reference

AGAMOUS (AG)/SUPERMAN (SUP) Floral whorls Mutants with hypermethylation
in AG and SUP gene bodies
display floral abnormalities

Jacobsen et al., 2000

APOLO lncRNA Auxin Auxin triggers demethylation of
APOLO DNA and lncRNA
production

Ariel et al., 2014

CYCLOIDEA (CYC) Floral zygomorphy Naturally occurring
hypermethylated teratomorph
of Linaria abolishes CYC
expression and results in
change of floral symmetry

Cubas et al., 1999

EPIDERMAL PATTERNING FACTOR 2 (EPF2) Stomatal development Normal development requires
demethylation by ROS1

Yamamuro et al., 2014

SPEECHLESS (SPCH) Stomatal patterning (stomatal
index)

Low relative humidity induces
methylation at SPCH

Tricker et al., 2012

FLOWERING WAGENINGEN (FWA) Flowering time Epialleles of FWA confer late
flowering phenotype

Soppe et al., 2000; Kinoshita
et al., 2004

MEDEA (MEA) Seed development Allele-specific demethylation by
DEMETER (DME) required for
the establishment of
self-imprinting by MEDEA

Gehring et al., 2006

PHABULOSA (PHB)/PHAVOLUTA (PHV ) Leaf development; polarity PHB and PHV coding
sequences have functionally
important methylation
downstream of microRNA
binding site

Bao et al., 2004

RIPENING INHIBITOR (RIN)/NON-RIPENING (NOR) Fruit ripening in tomato Demethylation of ripening
genes, including RIN and NOR,
by the tomato homolog of
ROS1, is required for normal
ripening

Lang et al., 2017

All genes are from Arabidopsis except CYC (Linaria) and RIN/NOR (tomato).

methylation into genes and regulating genome-wide DNA
methylation patterns via a feedback loop. IBM1 contains a
heterochromatic repeat in one of its introns. Reduced DNA
methylation of this repeat element (e.g., in a mutant background)
results in reduced IBM1 expression (improper polyadenylation),
followed by increased DNA methylation (mCHG) (Lei et al.,
2014; Sigman and Slotkin, 2016; Zhang et al., 2018).

While the exact mechanisms described here for examples in
Arabidopsis are likely species-specific, similar mechanisms may
exist in other plants. The expansion of epigenetic studies from
Arabidopsis to other systems will be essential to understand which
mechanisms are evolutionarily conserved and which are species
specific.

DNA METHYLATION OF THE GENE
BODY

Methylation of actively transcribed genes (predominantly exons:
gene body methylation, GbM) is another feature occurring
in plant genomes. Although DNA methylation at promoters
and transcriptional start sites (gene promoter methylation)
has been associated with transcriptional repression, GbM does
not generally repress gene expression. Instead, GbM genes are

typically expressed constitutively in a wide range of tissues and
conditions at moderate levels (housekeeping genes) (Zemach
et al., 2010; Bewick et al., 2017). Body-methylated genes thus
represent a distinct set of genes, and comprise, for example,
approximately 18% of the genes in Arabidopsis thaliana ecotype
Columbia (Col-0) (Takuno and Gaut, 2012).

Whereas methylation of TEs, and methylation of gene control
regions, are apparently ancient in plants, it appears that GbM has
expanded in plants more recently, as GbM appears to be minimal
in early diverging lineages of land plants (Takuno et al., 2016).
However, recent work (Schmid et al., 2018) examining various
stages of the Marchantia life cycle has shown that GbM is not
absent from Marchantia, merely prominent in particular stages (it
is abundant in the antherozoids). A recent study of Physcomitrella
patens also revealed that ca. 5.7% protein-coding genes have at
least one methylated position in their gene body (Lang et al.,
2018). In animals, the situation may be rather different: gene
body methylation appears to be general and ancient (Dixon et al.,
2016).

Despite ongoing work, the function of GbM still remains
mysterious. DNA methylation is potentially mutagenic as
spontaneous deamination can convert 5-methylcytosine into
thymine, thus the retention of GbM likely comes at a cost.
Nevertheless, GbM genes share conserved features and their
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FIGURE 4 | Methylation and morphology – examples from microevolution. Morphological patterns are shaped by the interplay between genome, epigenome, and
signals (internal or external). Examples illustrated here include dioecy (poplar catkins); floral morphology in Linaria vulgaris (wild type and peloric form), and
environmentally influenced stomatal patterns in arabidopsis. Images are adapted from Köhler’s Medicinal Plants and De Vries, 1910. Examples refer to various
studies mentioned in text (Cubas et al., 1999; Song et al., 2013a,b; Tricker et al., 2013a,b; Geraldes et al., 2015; Bräutigam et al., 2017).

occurrence spans at least 400 Myr of land plant evolution
(Zilberman, 2017). Given the conservation of GbM in evolution
(Takuno and Gaut, 2013), GbM genes might be expected to
play important roles in plant development. This is supported by
Arabidopsis mutants. Mutants with severely reduced GbM but
largely intact TE methylation show a number of morphological
and developmental defects, a pattern that is even observed over
progressive generations (Mathieu et al., 2007; Stroud et al., 2013).
However, secondary loss of GbM in two Brassicaceae species,
C. planisiliqua and E. salsugineum, indicates that GbM is non-
essential over evolutionary time (Bewick et al., 2016).

This paradox, that GbM is likely important but also
dispensable, remains to be resolved. Numerous potential
functions for GbM have been proposed. These include: (1)
involvement in accurate transcription and splicing; (2) the
repression of cryptic intragenic promoters (Jeltsch, 2010; Zemach
and Zilberman, 2010; Takuno and Gaut, 2012); and (3) sheltering
genes from TE insertions (To et al., 2011) while functionless
alternatives have also been discussed (Roudier et al., 2009).

METHYLATION AND THE EVOLUTION
OF MORPHOLOGY: EXAMPLES

Dioecy
One of the best supported roles for the action of DNA
methylation in plant evolution is provided by the evolution of

separate sexes in plants from a cosexual ancestor (Figure 4).
Dioecy has evolved independently in multiple lineages and it
has been suggested that methylation might be a key mechanism
(Gorelick, 2003). One genus in which this idea has received
support is Populus. In the Chinese white poplar (Populus
tomentosa) sex-specific methylation has been implicated (Song
et al., 2013a). More recently, a genomic characterization of the
Populus trichocarpa sex locus (Geraldes et al., 2015) found a
methyltransferase (poplar MET1 homolog) present at the sex
determining region (SDR). It is also of interest that a possible
methyltransferase has been noted at the SDR of strawberry
(Tennessen et al., 2016), an observation that would merit further
investigation. Further support for the involvement of methylation
in sex determination in poplar has come from the finding that
another gene at the poplar SDR, the poplar homolog of the
Arabidopsis Response Regulator 17 (ARR17), is markedly sex-
specifically methylated (Bräutigam et al., 2017). Male individuals
have generally stronger methylation, including at the putative
promoter region.

Evidence is also accruing in other systems. Thus, in the
dioecious Silene latifolia (white campion), treatments with
demethylating agents can alter sex expression in the flowers,
converting male flowers to hermaphrodite ones (Janoušek
et al., 1996). Other dioecy systems that implicate methylation
include persimmons (Akagi et al., 2016; Henry et al., 2018)
and papaya (Zhang et al., 2008; Liu et al., 2018). In the
latter, CHH-context methylation of HUA1, an AGAMOUS (AG)
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FIGURE 5 | Baldwin effect in plant (morphological) evolution. Here, we
integrate the epigenome, phenotypic plasticity, and genetic assimilation into a
theoretical evolutionary framework for plant morphology and function. First,
environmentally induced changes in the epigenome influence morphology and
function. If modified traits increase fitness they will spread. Subsequently, such
plastic modifications can be replaced by genetic change. Two examples for
potential molecular mechanisms resulting in a transition from epigenetic to
genetic change are shown below the diagram. They include the generation of
SNPs by the spontaneous deamination of 5-methylcytosine (M) to thymine (T)
and transposon activation upon loss of heterochromatic marks (DNA
methylation, histone modification; here white lollipops indicate de-methylation).

regulator, is associated with sex reversal in papaya. In the
Cucurbitaceae, a family known for its flexible sexual systems
(from hermaphroditism and monoecy to dioecy), methylation is
also implicated in floral sex determination (Martin et al., 2009; Lai
et al., 2017). There is now no doubt that sex-specific methylation
is a mechanism that has been employed independently multiple
times in the evolution of dioecy.

Peloria
Linaria vulgaris (toadflax) has a remarkable floral mutant, first
characterized by Linnaeus, called peloria. This results from the
ventralization of flowers, leading to flowers with 5 (ventral) spurs
instead of one. It is caused by abolition of function of the dorsal
identity gene CYCLOIDEA. In now classic work this was shown to
result from CYCLOIDEA gene repression by methylation (Cubas
et al., 1999; Figure 4). Teratomorphs derived in this way can
persist by vegetative reproduction (clump formation by root
buds), but produce little seed so the mutant is semi-lethal as
regards sexual reproduction. The inheritance of this feature was
investigated by De Vries in “Die Mutationstheorie” (De Vries,
1910). De Vries divided peloric individuals into two types: (1)

hemipelagic in which a mixture of peloric and wild type flowers
occurred in an inflorescence, sometimes with intermediates, and
(2) fully peloric, in which all flowers in the inflorescence are
peloric. As hemipelagic plants have some wild type flowers,
they are fertile and this likely explains the wide persistence of
the potential for abnormal methylation within the species. The
epiallele is heritable, although largely recessive. Fully peloric
plants crossed with wild-type produce mostly wild-type with a
low frequency of hemipelorics (Cubas et al., 1999).

Linaria vulgaris therefore seems (as De Vries puts it) to have
“an inherited semi-latent character, which manifests itself from
time to time” (De Vries, 1910). Given that similar phenotypes are
also present in Linaria purpurea (Rudall and Bateman, 2003) it
may be that the latent character is phylogenetically conserved in
the genus and thus a “latent homology” (Cronk, 2002). Currently
unexplained are the pleiotropic effects of CYC methylation on
other aspects of morphology besides floral ventralization. Fully
peloric plants often have a strongly branched inflorescence as
opposed to the simple or near simple raceme of the wild type.
There are also reported abnormalities of the pollen and capsule
(De Vries, 1910). Even though peloria of Linaria is a well-studied
epimutation, it is far from giving up all its secrets.

Evolutionarily, this epimutation might seem to be a dead-end.
However, its persistence, perhaps through the transmission of
weak epialleles via hemipelagic forms, potentially allows further
mutations (for instance in corolla shape) to be occasionally
expressed in a peloric or hemipelagic background. It is not hard
to conceive that this could lead to an alternative pollination
niche, reduction in infertility and eventually to speciation. In such
a case, the “soft” mutation provided by methylation will have
been crucial. Eventually the epigenetic basis could be replaced
by genetic loss of function mutation, in which case the initial
involvement of methylation in the evolution of a new species will
be hard if not impossible to discern. A genetic loss of function
mutation is less promising as a starting point, as it is likely to
be lethal and to be quickly purged from the population. It is
worth noting that new lineages have indeed formed from peloria-
type changes. An example of this is Cadia (Citerne et al., 2006) a
peloric legume (although here the peloria is due to dorsalization
rather than ventralization and there is no evidence of methylation
being involved).

THE BALDWIN EFFECT – A
THEORETICAL MODEL

There is a possible role for environmentally regulated epigenetic
control (including methylation) in plant evolution through the
Baldwin effect (in the broad sense, including genetic assimilation
(Pigliucci et al., 2006; Figure 5). The Baldwin effect is usually
associated with animals: behavior, being plastic, can change as a
learning response to environmental cues, allowing colonization
of, and adaptation to, a new environment. Any mutation that
gives a genetic predisposition to the changed behavior may be
favored as it reduces the cost of learning and increases adaptation
to the new environment. Thus, learned behavior can become
instinctive behavior.
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The same mechanism can apply in plants but here the
plastic response is morphological not behavioral. Many complex
animals (for instance most vertebrates) show remarkably little
morphological phenotypic plasticity. Their plasticity tends to
reside in the “extended phenotype,” for instance in behavior.
In contrast, the same plant genotype in different environments
can look dramatically different, differences that may be
stabilized epigenetically. Thus, the Baldwin effect, while a
driver of behavioral evolution in animals, may be a driver of
morphological evolution in plants. It is a potential mechanism for
replacing a phenotypic and epigenetic response to environment
with a genetic adaptation to environment (Figure 5). These
considerations are currently speculative but provide a conceptual
framework for future experimental work.

CONCLUDING REMARKS – THE
METHYLATION TOOLBOX AND ITS
APPLICATION

If, as seems likely, the regulation of genes by methylation evolved
from the universal eukaryotic feature of TE defense, then this
is an evolutionary change with considerable implications for the
evolution of embryophytes. The transition of DNA methylation
function from regulation of TEs to regulation of genes, is
one of the great evolutionary transitions in the evolution of
complex plant life on earth. Methylation of DNA now supplies an
important toolbox for fine tuning development, especially when
considering its interaction with other epigenetic mechanisms:
histone methylation and small RNAs.

However, because of the inherent lability and reversibility of
methylation, it may be an “evolutionary sandbox” for the soft
exploration of developmental space (Cronk, 2001). It allows for
added phenotypic plasticity and infraspecific diversity in the
expression of plant morphology (Bossdorf et al., 2008; Bräutigam
et al., 2013). Later in evolution, methylation-controlled traits
could become hardwired through direct sequence changes, aided
by the fact that methylated DNA mutates at a higher rate.

Hypermethylation-based epimutations of a gene, as in peloric
Linaria, could function as gene knock-downs to allow adaptation
prior to gene knock-out and loss. If this is true, then it may
be hard to assess the importance of methylation in evolution,

as methylation might have been involved in the early stages of
the evolution of a number of important traits, but might not be
evident now.

Another evolutionarily significant difference between
mutation and epimutation lies in exposure to selection
(Cronk, 2001; van der Graaf et al., 2015; Vidalis et al., 2016).
A conventional loss-of-function recessive mutation will tend to
be very rare in a population and in an outbreeding population
will be unlikely to occur as the double recessive necessary
to generate a selectable phenotype. An epimutation, however,
may possibly affect both alleles simultaneously and thus be
immediately exposed to selection. There are many elegant studies
of the effect of selection on naturally occurring gene mutations,
but, with some notable exceptions, e.g., in rice (Zheng et al.,
2017), epimutations have been comparatively neglected. This is a
challenge for the future.
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Alterations in the timing of developmental programs during evolution, that lead to
changes in the shape, or size of organs, are known as heterochrony. Heterochrony
has been widely studied in animals, but has often been neglected in plants. During plant
evolution, heterochronic shifts have played a key role in the origin and diversification
of leaves, roots, flowers, and fruits. Heterochrony that results in a juvenile or simpler
outcome is known as paedomorphosis, while an adult or more complex outcome is
called peramorphosis. Mechanisms that alter developmental timing at the cellular level
affect cell proliferation or differentiation, while those acting at the tissue or organismal
level change endogenous aging pathways, morphogen signaling, and metabolism. We
believe that wider consideration of heterochrony in the context of evolution will contribute
to a better understanding of plant development.

Keywords: heterochrony, developmental timing, plant development, plant evolution, cell cycle, miR156

THE DIFFERENT TYPES OF HETEROCHRONY

In the 1870s, Ernst Haeckel identified temporal and spatial changes in development in a descendant
relative to its ancestor as the two mechanisms most important for evolution (Haeckel, 1875).
Haeckel named spatial changes heterotopy, and temporal changes heterochrony.

However, the meaning of heterochrony has changed since Haeckel first coined the term. Haeckel
used the term heterochrony to refer to deviations from his well-known “Biogenetic Law,” which
states that the sequence of developmental events (ontogeny) largely recapitulates the sequence of
events in the evolutionary history of the species (phylogeny) (Haeckel, 1875). Thus, heterochrony
originally referred to a change in the timing of appearance of a feature in a developmental
sequence of an organism, relative to the sequence that occurred in the organism’s phylogeny. In
the middle of the 20th century, De Beer (1951) uncoupled heterochrony from recapitulation. He
used heterochrony to denote differences in the timing of developmental events when comparing
two related species, to explain how heterochrony could generate diversity among organisms.
Gould (1977) re-associated the concept of heterochrony to recapitulation, defining heterochrony
as “changes in the relative time of appearance and rate of development for characters already
present in ancestors,” emphasizing changes in relative size and shape, rather than in the timing
of developmental events, to detect heterochrony. At the turn of the 21st century, Smith proposed
that it would be more useful to define two types of heterochrony: ‘growth heterochrony,’ which
emphasizes changes in final size and shape; and ‘sequence heterochrony,’ which is closer to the
original usage of Haeckel and de Beer, and allows explanation of phenotypic variation by changes
in the timing of developmental events (Smith, 2002, 2003; Keyte and Smith, 2014).
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Sequence heterochrony (hereafter referred to as ‘heterochrony’)
can be classified in two categories: paedomorphosis and
peramorphosis. When compared to ancestral development,
paedomorphosis results in a juvenile or simple outcome,
whereas peramorphosis results in an adult or more complex
phenotype. Each of these two categories of heterochrony
can result from variation in timing of the onset, offset or
rate of a developmental process, as proposed by Alberch
et al. (1979). This variation can result in 6 different types
of heterochrony (Figure 1). Paedomorphosis can result
from the precocious end of a developmental process
(progenesis), from a delayed start of the process (post-
displacement), or from a slower rate of development (neoteny).
Peramorphosis is the result of an extended period of
development due to a later termination (hypermorphosis)
or an earlier onset (pre-displacement), or of a higher rate
of development (acceleration) (Figure 1A). Hypothetical
examples for peramorphosis and paedomorphosis in plant
embryogenesis and vegetative development are shown in
Figures 1B,C.

While these classifications are useful to illustrate changes
in developmental timing, when considering real life examples,
it is often difficult to distinguish between different kinds of
heterochrony. In many cases, evolution can result in distinct
types of heterochrony, each occurring at a discrete stage of a
developmental process (reviewed in plants by Li and Johnston,
2000).

HETEROCHRONY IN THE EVOLUTION
AND DIVERSIFICATION OF PLANTS

Land plants (embryophytes) have undergone many
morphological innovations since their emergence in the
mid-Ordovician period, about 470 million years ago. Early
diverging lineages originated over a period of more than 100
million years, during the Silurian and early Devonian periods
(Kenrick and Crane, 1997; Pires and Dolan, 2012; Harrison
and Morris, 2018). Embryophytes evolved from a freshwater
algae ancestor that was related to the extant charophyte groups
Charales, Coleochaetales, and Zygnematales. The transition to
growth on land, as observed in bryophytes (hornworts, mosses,
and liverworts), involved the origin of spores, alternation of
gametophyte and sporophyte generations, uniaxial forms, and
three-dimensional growth. Innovations of terrestrial vascular
plants (lycophytes, monilophytes, and spermatophytes) included
bifurcation, indeterminacy, sporophytic dominance, axillary
branching, and the formation of meristems, leaves, and roots
(Harrison, 2017).

Several of the evolutionary steps above have been linked
to heterochrony. For the origin of sporogenesis, bryophyte
data suggest that spores were produced directly from zygotes
in a process involving precocious cytokinesis, acceleration
of meiosis and delayed wall deposition from the zygote to
the meiospores (Brown and Lemmon, 2011). The branched
sporophyte (polisporangiophyte) has been hypothesized to have
evolved by extended vegetative growth of the apical cell. This

longer period of vegetative growth was proposed to result in a
prolonged embryonic axis, shoot branching, and a delay in the
transition to reproductive growth, producing the sporangium
(Rothwell et al., 2014; Tomescu et al., 2014). Additional studies
of plant fossils should provide more evidence for ancient
plant morphologies, which would allow comparison between
contemporary and extinct forms (Rothwell et al., 2014).

In extant plants, heterochronic changes have been identified
in gametophyte development, embryogenesis, vegetative
development, shoot maturation, and floral morphogenesis.
The female gametophyte of Gnetum is structurally divergent
from other plants because of differences in the timing of
fertilization and somatic development. Temporal alterations
in cell cycle progression have contributed to diversified
temporal patterns of spermatogenesis and gamete fusion during
fertilization (Friedman, 1999; Tian et al., 2005). In a case of
progenesis, fertilization occurs at a free nuclear stage of somatic
development, a juvenile stage compared to the ancestral somatic
ontogeny, precluding the differentiation of egg cells (Friedman
and Carmichael, 1998). The apomictic development of Boechera
ovules has been associated with heterochronic gene expression
patterns compared to non-apomictic (sexual) ovules (Sharbel
et al., 2010). The development of Rafflesiaceae, a holoparasitic
plant family which infects grapevines, shows two heterochronic
shifts: an arrest at the proembryonic stage, which can be
considered an example of neoteny, and acceleration of the
transition from the undifferentiated endophyte to flowering,
skipping vegetative shoot maturation (Nikolov et al., 2014).

A Quantitative Trait Loci (QTL) analysis comparing
Eucalyptus globulus populations with precocious vegetative
phase change and populations in which vegetative phase
change is delayed several years identified the expression of
the microRNA EglMIR156.5 as responsible for heterochronic
variation in vegetative phase change in E. globulus (Hudson
et al., 2014). Another QTL analysis concluded that heterochrony
underlies natural variation in Cardamine hirsuta leaf form
(Cartolano et al., 2015). QTL mapping determined that the effect
is caused by cis-regulatory variation in the floral repressor ChFLC
such that populations with low-expressing ChFLC alleles show
both early flowering and accelerated acquisition of adult leaf
traits, particularly increased leaflet number. Morphometric and
QTL analyses have determined that heterochronic mutations
contribute to natural variation in Antirrhinum and to grapevine
heteroblasty (Costa et al., 2012; Chitwood et al., 2016).
A Principal Component Analysis (PCA) of the ontogenetic
trajectories of leaf form among the three genera of marsileaceous
ferns (Marsilea, Regnellidium, and Pilularia) suggested that
they show a paedomorphic phenotype, compared to the more
complex ancestral development, caused by accelerated growth
rate and early termination at a simplified leaf form (Pryer and
Hearn, 2009).

Evolutionary diversity in inflorescence architecture of
the Solanaceae is modulated by heterochronic shifts in the
acquisition of floral fate (Lippman et al., 2008; Park et al., 2012).
A comparison of transcriptomes of meristem maturation from
five domesticated and wild Solanaceae species revealed a peak of
expression divergence, resembling the “inverse hourglass” model
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FIGURE 1 | Types of heterochrony. (A) Schematic representation of the 6 types of heterochrony. The black line represents the time required to reach a certain
developmental stage in the ancestral ontogeny. Blue lines show the 3 types of paedomorphosis: progenesis (precocious offset), post-displacement (delayed onset)
and neoteny (slower developmental rate). Red lines show the 3 types of peramorphosis: hypermorphosis (delayed offset), pre-displacement (precocious onset), and
acceleration (higher developmental rate). Drawing in (A) is based on Alberch et al. (1979) and Geuten and Coenen (2013). (B) Heterochrony scenarios for
embryogenesis. Arabidopsis embryogenesis is taken here as the hypothetical ancestral development, divided in four stages for illustrative purposes. A fifth stage,
where the embryo has produced the first two leaves plus the two cotyledons (denoted embryonic seedling), is proposed as the final stage in peramorphic
embryogenesis, whereas paedomorphic embryogenesis is expected to conclude at the heart stage. (C) Heterochrony scenarios for vegetative development. In this
case, Arabidopsis vegetative development, where the plant continues producing cauline/reproductive leaves on the stem before flowering (drawn on the top),
represents a hypothetical case of peramorphic vegetative development, compared to a hypothetical ancestor which flowers at the adult stage without producing
cauline leaves. Paedomorphic vegetative development is predicted to result in plants flowering at the juvenile stage.

for animal embryogenesis, which states that a mid-development
period of divergence drives morphological variation (Lemmon
et al., 2016). In grasses, a delay in the shoot meristem (SM) to
floral meristem (FM) transition results in more complex panicles
(Kyozuka et al., 2014). Poplars (Populus sp.) and willows (Salix
sp.) bear compact unisexual inflorescences known as “catkins,”
which have been proposed to be evolved from a simplification
of the panicle form by an early SM to FM transition (Cronk
et al., 2015). Heterochronic changes have also contributed to
natural variation in flowering time and shoot architecture among
Mimulus guttatus populations (Baker and Diggle, 2011).

Morphological diversity of the perianth in Dipsacoideae is
caused by heterochronic changes in organ initiation, specifically
in the number of sepals (Naghiloo and Claßen-Bockhoff,
2017). The great shape diversity of sepals among Iris species
is due more to heterochrony than to heterotopic changes
(Guo, 2015). A study in Brassicaceae showed that evolution
of corolla monosymmetry from the polysymmetrical ancestral
flower involved a heterochronic shift in the expression of
CYC2 genes (a clade of TCP transcription factors) from
early adaxial expression in ancestral floral meristems, to a
later adaxial expression in petal development (Busch et al.,

2012). Heterochronic, but not heterotopic, CYC2 expression has
also been associated with a loss of papillate conical cells in
petals and a shift to bird-pollination system in Lotus (Ojeda
et al., 2017). A paedomorphic morphology, in which the
flowers hold mature pollen in unopened bud-like structures,
led to specialized pollination in a clade of Madagascar vines
(Euphorbiaceae) (Armbruster et al., 2013). The evolution of
cleistogamous capitulum from a chasmogamous ancestral state
is a classic example of paedomorphosis, since the cleistogamous
shape shows juvenile traits (Lord and Hill, 1987). Cleistogamy
in Asteraceae specifically evolved by pre-displacement and
progenesis of floral development, as well as neoteny of all
whorls other than the gynoecium (Porras and Muñoz, 2000). The
diversity of floral morphologies within Jaltomata, a Solanaceae
genus, is due to hypermorphosis and acceleration of some corolla
traits (Kostyun et al., 2017). The diversity of Azorean butterfly
orchids is also caused by floral heterochronic shifts (Bateman
et al., 2014). Recently, Ronse de Craene (2018) emphasized the
importance of heterochrony in three developmental processes:
phyllotaxis, the development of common stamen-petal primordia
and obdiplostemony, linking changes in the growth rate
with delayed organ initiation. Heterochronic growth rates of
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the perianth and style, and early hypanthium elongation,
are responsible for the great species diversity within the
morphologically homogeneous Eugenia genus (Vasconcelos et al.,
2018). Finally, heterochronic expression of the fw2.2 allele, which
affects cell division in early fruit development, is responsible for
natural variation in tomato fruit size (Cong et al., 2002).

STUDYING HETEROCHRONIC MUTANTS
TO ELUCIDATE GENETIC CONTROL OF
TIMING

The study of mutants affected in developmental timing has
shed light on genetic pathways controlling morphogenesis and
developmental transitions. Heterochrony can be caused by earlier
or later activation or repression of these pathways.

leafy cotyledon (lec), dicer-like1 (dcl1), and extra cotyledon
(xtc) mutants of Arabidopsis thaliana represent heterochronic
phenotypes that have helped to define seed maturation programs.
lec mutants produce cotyledons with features of leaf identity
(Meinke, 1992), a clear example of homeosis: the replacement
of one structure by another. However, it is often difficult to
distinguish between homeosis and heterochrony, since homeosis
can be the result of both heterochrony and heterotopy (Li
and Johnston, 2000; Geuten and Coenen, 2013). During late
embryogenesis, LEC2 promotes seed maturation and represses
postembryonic identity (Stone et al., 2008). Like lec mutants, dcl1
mutants show peramorphic phenotypes during embryogenesis,
as chloroplast development and seed storage protein gene
expression occur earlier than in wild type embryos. DCL1
is required for biogenesis of microRNAs, which repress seed
maturation through the master regulators LEC2 and FUSCA3
(Nodine and Bartel, 2010; Willmann et al., 2011). The xtc1,
xtc2, and altered meristem programming1 (amp1) mutants show
a homeotic phenotype where the first one or two leaves are
transformed into cotyledons (Conway and Poethig, 1997). In
these three mutants, the globular to heart transition is delayed,
causing an enlarged shoot meristem, which leads to extra
organ formation during embryogenesis. This phenotype can be
interpreted as hypermorphosis, a type of peramorphosis, since
embryo development is extended to a more developed shape (like
the peramorphic scenario in Figure 1B). However, if vegetative
development is chosen as a point of reference, lec mutants
would represent a case of pre-displacement (peramorphosis),
and xtc1, xtc2, and amp1 would represent post-displacement
(paedomorphosis) in the acquisition of leaf identity. AMP1 is
required for miRNA-mediated translational repression on the ER
membrane (Li et al., 2013).

Genetic regulation of the juvenile to adult transition,
also called vegetative phase change, has been studied using
both paedomorphic and peramorphic mutants. Screenings for
mutants showing an early adult (peramorphic) phenotype
produced alleles of genes related to small RNA biogenesis like
zippy/ago7, sgs3, and rdr6 (Hunter et al., 2003; Peragine et al.,
2004), while mutants with a late adult (paedomorphic) phenotype
are due to increased miRNA levels (Gillmor et al., 2014; Xu
M. et al., 2016, 2018; Guo et al., 2017). The genetic basis for

these phenotypes is explained by altered expression of the closely
related microRNAs miR156 and miR157, the main regulators of
vegetative phase change that act by repressing SPL transcription
factors at both transcriptional and translational levels, in a
threshold-dependent manner (Wu and Poethig, 2006; Chuck
et al., 2007; Poethig, 2013; He et al., 2018). Both MIR156 and SPL
gene families are directly regulated by epigenetic marks: MIR156
is activated by H3K4me3 and H3K4ac, which are promoted by the
SWR1-C complex and the chromatin remodeler BRAHMA, and
is repressed by H3K27me3, which is promoted by the Polycomb
proteins SWINGER and CURLY LEAF and by the chromatin
remodeler PICKLE (Xu M. et al., 2016; Xu Y. et al., 2016; Xu
M. et al., 2018). SPL genes are activated by histone acetylation
mediated by the SAGA-like complex and repressed by H2AUb
mediated by the Polycomb proteins RING1A and RING1B (Kim
et al., 2015; Li et al., 2017). The study of plants with loss- or
gain-of function of SPL genes has also defined an endogenous
flowering pathway in which some SPL genes promote the
expression of miR172, which in turn promotes flowering by
repressing the APETALA2 family flowering repressors (Wang
et al., 2009; Wu et al., 2009; Huijser and Schmid, 2011).

Besides major developmental transitions, organ
morphogenesis can also be affected by heterochronic activation
of genetic regulators. For instance, early germination of
Brassica rapa embryos results in organs with mosaics
of cotyledon and leaf identity (Fernandez, 1997), and
differential temporal expression of the class II of TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATION CELL FACTOR
(TCP) genes results in leaves with different size and shape (Efroni
et al., 2008).

MECHANISMS DRIVING CHANGES IN
DEVELOPMENTAL TIMING IN PLANTS
(TRANSCRIPTIONAL, METABOLIC, AND
CELLULAR HETEROCHRONY)

Transcriptional heterochrony refers to a change in the timing
of activation or repression of gene expression, and is often
caused by changes in cis-regulatory gene regions (Pham
et al., 2017). Transcriptional heterochrony in the genetic
pathways mentioned above is a common way of producing
heterochronic phenotypes. Metabolic control of pathways
regulating developmental transitions (referred to here as
“metabolic heterochrony”), and temporal control of cell
proliferation, cell expansion and cell differentiation (referred to
here as “cellular heterochrony”) are other mechanisms driving
heterochrony in plants (Figure 2). Transcriptional, metabolic
and cellular processes are interconnected, so the molecular origin
of heterochrony can be due to a combination of mechanisms.

Metabolic heterochrony can be influenced by hormones,
sugars, and redox signals (Jia et al., 2017). Differential
biosynthesis, transport and perception of hormones such as
auxin, jasmonic acid (JA), gibberellin and abscisic acid influence
heterochrony by controlling regulators of developmental
processes. For instance, mutants in the AUXIN RESPONSE
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FIGURE 2 | Mechanisms driving heterochrony in plants. (A) Cellular heterochrony. The sequence of rosette leaves produced during vegetative development is
shown. The phenotype of Arabidopsis Columbia wild type plants is taken as a hypothetical ancestral state; a paedomorphic scenario (neoteny) and a peramorphic
scenario (acceleration) are also shown. Arrows represent the direction of the wave of the cell division arrest in a basipetal gradient, where cells below the dotted line
are still actively dividing whereas the cells above are expanding and/or differentiating. (B) Transcriptional and metabolic heterochrony. A graphic representation of the
predicted abundance of the microRNA miR156/7 and its targets, the SPL genes, as well as sugar abundance along the time of vegetative development,
corresponding to the phenotypes in (A). Dotted lines represent the threshold of miR156/7 and SPL abundance which leads to juvenility (above the threshold) or
adulthood (below the threshold). In this case, a delay in the repression of miR156 and activation of SPL expression and sugar production results in paedomorphosis,
whereas a precocious decay of miR156 and early activation of SPL expression and sugar production results in peramorphosis. These drawings are simplified
representations, and do not reflect the exact abundances in nature. The actual pattern of miR156/SPL abundance is closer to that depicted for “peramorphosis”
state.

FACTORS (ARF) ARF3 and ARF4 delay the adult transition
(Fahlgren et al., 2006; Hunter et al., 2006), and auxin homeostasis
controls the transition from floral stem cell maintenance to
gynoecium formation (Yamaguchi et al., 2017). Exogenous
JA can delay the adult transition by postponing the decline
of miR156 expression (Beydler et al., 2016), and gibberellin
accelerates flowering by releasing SPL genes from repression
by DELLA proteins (Yu et al., 2012). Nutritional status has
been associated with the control of vegetative phase change
since the early 20th century (Goebel, 1908). Sugar produced by
photosynthesis is necessary for the acquisition of adult traits and
is partially responsible for the decrease in miR156 expression
in late vegetative development (Yang et al., 2013; Yu et al.,
2013; Buendía-Monreal and Gillmor, 2017). HEXOKINASE1
(HXK1) and Trehalose-6-phosphate (T6P) are important for
the sugar-mediated repression of miR156, thereby promoting
vegetative phase change and flowering (Wahl et al., 2013; Yang
et al., 2013).

At the cellular level, organogenesis consists of a sequence
of three stages: the establishment of polarity, cell proliferation,
and cell expansion (Walcher-Chevillet and Kramer, 2016). The
timing of initiation and termination of these stages is crucial
for the size and shape of organs, and heterochrony in this
sequence results in diversification of organ size and shape

(Figure 2). The transition from cell proliferation to cell expansion
and differentiation requires coordination between the cell cycle
and cell growth (Sablowski and Carnier Dornelas, 2014). In
leaves of model plants, this transition moves as a basipetal
wave of cell cycle arrest that begins at the distal part of the
primordium and moves to the base. Cells behind the mitotic
arrest front become highly vacuolated and begin to expand
(Donnelly et al., 1999; Czesnick and Lenhard, 2015). However,
other plant species can show diffuse growth, and acropetal or
bidirectional cell cycle arrest gradients (Das Gupta and Nath,
2015). The acquisition of photosynthetic capacity is required for
the shift from cell division to cell expansion (Andriankaja et al.,
2012). This shift correlates with the role of sugar in promoting the
Target of Rapamycin (TOR) pathway and repressing the Sucrose-
non-fermenting1-related kinase 1 (SnRK1): TOR and T6P
induce cell expansion by promoting macromolecular synthesis,
whereas SnRK1 promotes catabolism (Tsai and Gazzarrini,
2014; Sablowski, 2016). Two microRNAs play opposite roles in
this cellular shift: miR319 represses the expression of class II
TCP factors, which are inhibitors of cell proliferation, whereas
miR396 restricts the expression of GROWTH REGULATING
FACTORS (GRFs), which delay differentiation (Das Gupta and
Nath, 2015; Maugarny-Calés and Laufs, 2018). The transition
from an indeterminate shoot apical meristem to a determinate
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floral meristem also involves temporal regulation of the cellular
identity. The timing of AGAMOUS activation of KNUCKLES,
which in turn represses WUSCHEL, defines the temporal window
of indeterminacy and consequently the size and the number of
organs (Sun et al., 2014).

CONCLUSION

An understanding of temporal regulation of plant development
is necessary to better appreciate the diversity of plant forms that
we see in nature, to explain plant morphological evolution, and
to manipulate plant architecture for the benefit of agriculture.

As outlined above, interrelated transcriptional, metabolic, and
cellular mechanisms drive heterochrony in extant species.
Further research on these pathways in angiosperms and
basal plant lineages should reveal more about the changes
in developmental timing that have driven the evolution of
development in plants.
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Comparative genomics has revealed that members of early divergent lineages of
land plants share a set of highly conserved transcription factors (TFs) with flowering
plants. While gene copy numbers have expanded through time, it has been predicted
that diversification, co-option, and reassembly of gene regulatory networks implicated
in development are directly related to morphological innovations that led to more
complex land plant bodies. Examples of key networks have been deeply studied in
Arabidopsis thaliana, such as those involving the AINTEGUMENTA (ANT) gene family
that encodes AP2-type TFs. These TFs play significant roles in plant development
such as the maintenance of stem cell niches, the correct development of the
embryo and the formation of lateral organs, as well as fatty acid metabolism.
Previously, it has been hypothesized that the common ancestor of mosses and
vascular plants encoded two ANT genes that later diversified in seed plants.
However, algae and bryophyte sequences have been underrepresented from such
phylogenetic analyses. To understand the evolution of ANT in a complete manner,
we performed phylogenetic analyses of ANT protein sequences of representative
species from across the Streptophyta clade, including algae, liverworts, and hornworts,
previously unrepresented. Moreover, protein domain architecture, selection analyses,
and regulatory cis elements prediction, allowed us to propose a scenario of how the
evolution of ANT genes occurred. In this study we show that a duplication of a preANT-
like gene in the ancestor of embryophytes may have given rise to the land plant-exclusive
basalANT and euANT lineages. We hypothesize that the absence of euANT-type and
basalANT-type sequences in algae, and its presence in extant land plant species,
suggests that the divergence of pre-ANT into basal and eu-ANT clades in embryophytes
may have influenced the conquest of land by plants, as ANT TFs play important roles
in tolerance to desiccation and the establishment, maintenance, and development of
complex multicellular structures which either became more complex or appeared in
land plants.
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INTRODUCTION

Colonization of Land by Plants
The plant terrestrialization process, also known as the
colonization of land by plants, took place 425–490 million
years ago (Sanderson, 2003). It has been hypothesized that such
process occurred in a microbial moist biofilm as substrate, which
could have been composed of fungi, bacteria, cyanobacteria,
and green algae (Wellman and Strother, 2015). Prior to land
colonization, freshwater green algae related to extant Charophyte
algae had already evolved different types of forms; from
unicellular organisms to multicellular filaments and thallose
forms (Harrison, 2017). It is hypothesized that the first land
plants originated from one of these types of ancestral algae
from the order Zygnematales that were tolerant to desiccation
and adapted to aerial conditions, which allowed them to
survive in the previously mentioned substrate (Wellman and
Strother, 2015; Ishizaki, 2017; Puttick et al., 2018). In turn,
plant terrestrialization was critical for the formation of earth’s
biosphere, a fundamental change that allowed the colonization
of terrestrial environments by animals.

Several innovations allowed early plants to diversify and thrive
on changing terrestrial environments, such as the transition from
a gametophyte-dominant to sporophyte-dominant life form, the
three-dimensional growth form, originated by changes in the
division plane orientations of stem cells, the development of
a sporophytic apical meristem, and the origin of new organs
and tissues such as vasculature, roots, leaves, flowers, and seeds
(Pires and Dolan, 2012; Ishizaki, 2017). It has been predicted
that such innovations in the land plant body were the product
of diversification, co-option, and reassembly of gene regulatory
networks implicated in development; given that members of
early diverging lineages of land plants share a set of highly
conserved transcription factors (TFs) with flowering plants (Pires
and Dolan, 2012; Bennett et al., 2014). In line with this idea, a
comparative study carried out by Catarino et al. (2016), revealed
that the number of TF families has barely increased in land
plants after terrestrialization compared to the increase since the
divergence of chlorophytes and streptophytes.

From an evolutionary perspective it has been proposed that
the AINTEGUMENTA (ANT) family of TFs is conserved as
part of the ancestral molecular toolkit that enabled life and
development of plants on earth (Kim et al., 2006; Shigyo et al.,
2006; Floyd and Bowman, 2007). Previously, it was hypothesized
that the common ancestor of mosses and vascular plants encoded
two ANT genes that later diversified in seed plants (Floyd and
Bowman, 2007). However, algae and bryophyte sequences were
underrepresented or lacking from previous phylogenetic analyses
(Kim et al., 2006; Shigyo et al., 2006; Floyd and Bowman, 2007)
and it is not clear if the origin of the basalANT and euANT
subclades predated land plant divergence.

ANT Lineage of Transcription Factors
ANT genes belong to the APETALA 2/ETHYLENE RESPONSE
FACTOR (AP2/ERF) family of TFs characterized for containing
the AP2/ERF DNA binding domain, which were first discovered

in the A. thaliana AP2 protein, a critical protein for the
establishment of the floral meristem (Kim et al., 2006). ANT
proteins contain two AP2 domains separated by a linker region
(25 amino acids) so they fit under the AP2-like subfamily of
proteins (Riechmann and Meyerowitz, 1998; Supplementary
Figure 1). The AP2-like subfamily is further divided in two
different lineages: the euAP2 lineage, which mRNA has a
miR172 target sequence in the post-domain region, and the
AINTEGUMENTA (ANT) lineage, characterized by a 10- amino
acid insertion in the first AP2 domain (R1) and a 1- amino acid
insertion in the second AP2 domain (R2), see Supplementary
Figure 1. In turn, the ANT lineage is divided into the basalANT
and the euANT sublineages (Horstman et al., 2014). The main
difference among eu and basalANT is that euANT proteins are
defined by a long pre-domain region and four conserved motifs.
The first motif, euANT1, consists of conserved amino acids
(NSC[K/R][K/R]EGQ[T/S]R) in the 10-amino acid insertion
located in the first AP2 domain. The other three motifs, euANT2
(WLGFSLS), euANT3 (PKLEDFLG) and euANT4 (TFGQR), are
located in the pre-domain region of the euANT proteins as
described in Supplementary Figure 1 (Kim et al., 2006).

Arabidopsis thaliana euANT TFs have been deeply studied for
over 20 years. They are represented in a gene family that include
eight members: AINTEGUMENTA (ANT), AINTEGUMENTA-
LIKE 1 (AIL1), BABY BOOM (BBM), and PLETHORAs (PLT1,
PLT2, PLT3, PLT5, PLT7). They are considered master regulators
of diverse developmental processes and are mainly expressed
in dividing tissues where they regulate the formation and
maintenance of stem cell niches and the correct development
of the embryo, the root and shoot organs. The characterization
of the plt1;plt2 double mutant revealed that PLT1 and PLT2 are
essential for proper development of A. thaliana roots. Both genes
are expressed, in an auxin-dependent manner, at the basal part
of the octant stage embryo and in the quiescent center in late
embryogenesis, and are essential for the correct specification and
development of both the embryonic and post-embryonic root
meristems (Aida et al., 2004). On the other hand, overexpression
(OE) of BBM (PLT4) or PLT5 induces ectopic embryos on the
aerial part of the seedling, while PLT1 and PLT2 OE induces
ectopic root stem cell niches (reviewed in Horstman et al., 2014).

Arabidopsis thaliana PLT1, PLT2, and PLT3 are expressed in
the root forming a gradient distribution with a maximum in
the stem cell niche, this is also true for Oryza sativa PLT genes
(Galinha et al., 2007; Li and Xue, 2011). The gradient distribution
of these PLT proteins indicates that they act as a dose-dependent
morphogen, because high levels of PLTs promote stem cell
identity, while lower levels allow stem cell daughters to partially
differentiate and keep mitotic activity (Galinha et al., 2007).
However, when cells are displaced to the root region with a drastic
lower concentration of PLTs, they lose proliferation capacity and
terminally differentiate (Galinha et al., 2007). Seedlings of the
homozygous triple mutant plt1;plt2;plt3 developed by Galinha
et al. (2007) show a fully differentiated embryonic root pole
at 3 days post-germination (d.p.g.) and they never develop
lateral roots. All together, these phenotypes position these specific
euANT genes as master regulators of root development. Also,
Hofhuis et al. (2013) showed that PLT3, PLT5, and PLT7
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are expressed in lateral root primordia, regulating lateral root
development and preventing that lateral root primordia are
formed close to one another. This study reveals that the genetic
mechanism that regulates rhizotaxis and involves PLT3, PLT5,
and PLT7 is the same that controls phylotaxis in the A. thaliana
shoot (Prasad et al., 2011).

In the case of A. thaliana ANT, it has been demonstrated that
ANT TF plays a key role in flower development (Krizek, 1999).
OE of ANT under the cauliflower mosaic virus 35S constitutive
promoter (35S::ANT) causes the development of larger floral
organs resulting from an increase in cell number in sepals. While
larger petals, stamens, and carpels observed in ANT OE plants
are the result of an increase in cell size.

Arabidopsis thaliana genes WRINKLED1 (WRI1),
WRINKLED3 (WRI2), WRINKLED4 (WRI4), and ADAP
are members of the basalANT lineage. WRI1 regulates fatty acid
metabolism in the seed, binding to the cis region of glycolytic
genes and its activity is localized mainly to the maturing embryo
(To et al., 2012). WRI3 and WRI4 expression is localized to
vegetative tissue and flowers where they activate cuticular wax
production (Park et al., 2016) and AthADAP is necessary for
Abscisic acid response and regulates drought response (Lee et al.,
2009).

ANT Transcription Factors in Bryophytes
Two basalANT-type TFs, homologs of the rice SMALL ORGAN
SIZE1 (SMOS1) gene, were found in Physcomitrella patens:
PpSMOS1-like1 and PpSMOS1-like2. In rice, SMOS1 acts
downstream of auxins to regulate cell expansion during organ
size control and the mutant phenotype, which has an overall
smaller size of organs, was partially complemented by PpSMOS1-
like1 (Aya et al., 2014). On the other hand, there are four
euANT genes encoded in the P. patens genome, APB1-4.
They act as a molecular switch for the development of
different types of stem cells and their expression is induced
by auxin, similarly to what has been shown for A. thaliana
AIL genes (Aoyama et al., 2012). No reports exist yet for ANT
genes in Streptophyte algae and other bryophytes, aside from
Physcomitrella patens.

ANT Transcription Factors in
Non-flowering Vascular Plants
In the C-fern Ceratopteris richardii, Bui et al. (2017) identified
an ortholog of the A. thaliana ANT gene, CrANT, which
has an expression pattern similar to A. thaliana BBM (in
embryo development). The ectopic expression of CrANT
in C. richardii gametophytes originated the spontaneous
production of apogamous sporophytes that develop sporophyte-
only vascular tissue, tracheids, and stomata. This suggests that
CrANT has an important role in sexual reproduction and that
AthBBM might have evolved from an ancestral AIL gene such
as CrANT. A single euANT gene has been reported for both
Gnetum parvifolium and Pinus taeda (gymnosperms) and their
expression pattern in young primordia indicate that they might
have an important role in lateral organ size control as well as
in the development of the ovule (Shigyo and Ito, 2004; Yamada

et al., 2008), very similar to what has been reported for AthANT
(Klucher et al., 1996; Mizukami and Fischer, 2000).

So far evolutionary analyses that include ANT genes from
Streptophyte algae and other bryophytes, apart from P. patens,
have not been reported. Therefore, the main objective of this
study was to explore in a more extensive and deep manner
the evolutionary relationships among basalANT, euANT and,
the first time described, preANT genes. In order to generate
this more complete scenario on ANT gene evolution along
the plant phylogeny, we set the following objectives: (i) to
analyze and compare the structures and motif conservation in
preANT, basalANT and euANT proteins; (ii) to explore how
natural selection has influenced ANT gene evolution, (iii) to
define differences between cis-regulatory elements in the preANT,
basalANT, and euANT promoter regions, and (iv) to explore
the evolutionary relationships of these genes along the plant
kingdom.

METHODS

Phylogenetic Analysis of ANT Proteins
To reconstruct the phylogeny of the ANT lineage of TFs among
the Streptophyta clade, we conducted a search for basalANT
and euANT homologs by querying the coding sequence of eight
A. thaliana euANT genes (ANT, AIL1, PLT1, PLT2, AIL6, BBM,
PLT5, and PLT7) and three A. thaliana basalANT genes (WRI1,
ADAP, and WRI4) against Phytozome1 (Goodstein et al., 2012),
the Conifer Genome Integrative Explorer2 (Nystedt et al., 2013),
the OneKP3 database, the Klebsormidium nitens genome project4,
and the recently published genomes from Azolla filiculoides
and Salvinia cucullata (Li et al., 2018). We then selected the
A. thaliana AP2 gene and homologous sequences from other seed
plants, as outgroups to explore the relationships among ANT
genes.

Putative ANT TF coding sequences from selected
angiosperms, gymnosperms, ferns, lycophytes, bryophytes,
charophytes, and a chlorophyte, were obtained and translated
selecting the longest open reading frame. Our final database
included a total of 114 ANT protein sequences from 23 different
species as well as 10 outgroup sequences (taxa, sequence length,
and ID shown on Supplementary Table 1). AA sequences were
aligned with the MAFFT version 7 online service (Katoh et al.,
2017) using the L-INS-i method that incorporates local pairwise
alignment information (Katoh et al., 2005). The alignment
was manually edited using Jalview 2.10.3 (Waterhouse et al.,
2009), deleting uninformative gaps and regions of the alignment
that were poorly aligned. The final alignment consists of 124
taxa and contains 1854 alignment positions of which 1748 are
phylogenetically informative (Supplementary Data Sheet 1).
We then identified the best partitioning scheme and the best-fit

1https://phytozome.jgi.doe.gov/pz/portal.html
2ConGenIE.org
3https://db.cngb.org/onekp/
4http://www.plantmorphogenesis.bio.titech.ac.jp/∼algae_genome_project/
klebsormidium/
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evolution model for each section of the protein alignment
(pre-domain, AP2-R1, linker, AP2-R2, and post-domain regions)
with PartitionFinder 2.1.1 run on the CIPRES Science Gateway
(Miller et al., 2011; Lanfear et al., 2017) with the greedy search
algorithm (Lanfear et al., 2012), the RAxML option (Stamatakis,
2014), and the corrected Akaike Information Criterion (AICc) to
compare models of molecular evolution. The selected best-fitting
models of AA substitution were VT+G+F, for the pre- and post-
domain regions; JTTDCMUT+I+G, for the AP2-R1 domain;
LG4M+G, for the linker; and JTT+G for the AP2-R2 domain.
A Maximum Likelihood (ML) phylogenetic reconstruction was
then performed with the whole alignment matrix in RAxML
version 8.2.10 (Stamatakis, 2014) on CIPRES with the four
distinct models identified by PartitionFinder 2.1.1, the GAMMA
model of rate heterogeneity and with 1000 rapid bootstrap
inferences to evaluate the analysis. The best tree with bootstrap
branch labels was then edited using the iTOL online software
(Letunic and Bork, 2016).

ANT Protein Structure Analysis
To characterize the protein structure of ANT genes among
Streptophyta, we analyzed the position of the reported ANT-
type AP2-R1 and AP2-R2 domains (Riechmann and Meyerowitz,
1998; Kim et al., 2006) in the 99 AA sequences retrieved. The
presence of the euANT motifs reported by Kim et al. (2006), as
well as new conserved motifs and their AA composition was also
assessed using the Multiple Em for Motif Elicitation (MEME)
version 4.12.0 online software5 (Bailey and Elkan, 1994), run to
search for 40 conserved motifs with a minimum and maximum
length of 4 and 10 AAs, respectively.

Selection Analysis for ANT Genes
To find signatures of natural selection along the protein coding
sequence of euANT and basalANT genes we performed two
types of Fixed Effects Likelihood (FEL) analyses (Kosakovsky
Pond and Frost, 2005) and a Mixed Effects Model of Evolution
(MEME) test (Murrell et al., 2012) with the HyPhy software
package in the DataMonkey online server (Kosakovsky Pond
and Frost, 2005). The input for both tests was a codon
alignment of the protein coding region of all the ANT
genes in this study (Supplementary Table 1) and the ML
phylogenetic tree deduced with RAxML (see Phylogenetic
analysis in Results) (Figure 1). The FEL approaches were
designed to measure strength of selection, as well as compare
positive and negative pervasive selection on sites in the basalANT
clade (basalANT clade as foreground and the rest of the
sequences as background) with that in the euANT clade
(euANT clade as foreground and the rest of the sequences
as background). For each of the FEL tests the ratio of non-
synonymous to synonymous substitutions (w = dN/dS) was
calculated for the foreground and background sets of sequences.
Significance was determined for each codon position with a
p-value < 0.05 for the test dN6=dS. The MEME approach,
in which the w can vary through sites, was carried out to
identify episodic diversifying selection affecting a proportion of

5http://meme-suite.org/

branches (Murrell et al., 2012) and significance was assessed at
p < 0.05.

Putative cis-Regulatory Elements in ANT
Genes
To identify putative cis-regulatory elements (CREs) in the
promoter region of ANT genes, a 2.5 kb fragment upstream the
ATG of ANT genes from O. sativa, A. thaliana, A. trichopoda,
P. patens, M. polymorpha, and Chlamydomonas reinhardtii was
extracted using Phytozome6. The 2.5 kb 5′ region flanking the
K. nitens ANT gene (KFL_006570020, GenBank:DF237606.1;
Hori et al., 2014) was obtained from the National Center for
Biotechnology Information (NCBI)7 site. Sequences were then
analyzed, using the PlantPAN 2.0 Multiple promoter analysis
online tool (Chow et al., 2016), for consensus CREs. Results
were filtered to keep the number and detailed position of
MYB, WUSCHEL-related homeobox (WOX), ethylene response
factor (ERF), auxin response factor (ARF), and citokynin
response regulator (ARR-B) cis-elements found in each ANT gene
promoter region.

RESULTS AND DISCUSSION

Phylogeny of the ANT Lineage in
Streptophyta
To better understand the origin and evolution of ANT genes
we performed a Maximum Likelihood phylogenetic analysis
based on the basalANT and euANT protein sequences we
retrieved from representative species across the Streptophyta
clade (Supplementary Table 1).

In Figure 1 we show the rooted phylogenetic tree for
ANT, which shows that the single C. reinhardtii (unicellular
Chlorophyte algae) and Chlorokybus atmophyticus (unicellular
Streptophyte algae) sequences appear as a sister clade to a major
clade composed of two clades (53% bootstrap support); the
land plant ANT clade and a clade harboring the sequences
from Mesotaenium caldariorum and K. nitens. Chlamydomonas
reinhardtii, and C. atmophyticus sequences have an intra AP2-
R1 AA insertion, but this sequence is distinct to that found in
euANT proteins, the so called euANT1 motif. On the other hand,
sequences from M. caldariorum and K. nitens already bear the
euANT1 motif.

Since this is the first report in which a phylogeny for the
ANT group includes Streptophyte algae ANT-like sequences,
we hypothesize that C. reinhardtii and C. atmophyticus ANT-
like sequences represent the putative ancestral sequence of the
ANT group. Meanwhile, because of the position of the single
M. caldariorum and K. nitens sequences and the presence of
the euANT1 motif in the first AP2 domain in these genes, we
decided to name these two sequences as preANT (Figure 1,
marked with purple). Within the land plant ANT clade two highly
supported clades are recovered; the basalANT (98%) (Figure 1,
cyan bar) and euANT (71%) (Figure 1, orange bar) clades that

6https://phytozome.jgi.doe.gov/pz/portal.html
7https://www.ncbi.nlm.nih.gov/
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FIGURE 1 | Phylogeny of the ANT gene clade across Streptophyta. Rooted Maximum Likelihood tree constructed on RAxML containing a total of 114 ANT protein
sequences from 23 different taxa as well as 10 AP2 outgroup sequences. Bootstrap support was calculated using 1000 replicates. Only bootstrap values over 50%
are shown on branches. Colored bar indicates ANT gene clades. Branch colors represent the taxonomic classification to which the taxa belong. Stars represent
duplication events. See Supplementary Table 1 for species names.
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were reported in previous phylogenies of ANT genes (Kim et al.,
2006; Floyd and Bowman, 2007; Yamada et al., 2008).

The basalANT clade (Figure 1, cyan bar) has two subclades; a
clade that groups the AthWRI1 sequence with its closely related
sequences from S. lycopersicum, O. sativa (with two paralogs),
and Sorghum bicolor (36%), and the other which consists of
two subclades: the WRI4/ADAP clade that originated from a
duplication event in the ancestor of seed plants (Figure 1, yellow
star) and that clustered the AthWRI4 and AthADAP sequences
together with sequences from S. lycopersicum, S. bicolor,
A. trichopoda, P. taeda, and Picea abies sister to a clade
of sequences that includes bryophyte, lycophyte, Amborella
trichopoda, monocot and eudicot basalANT sequences which
clustered with Arabidopsis_AT2G41710. All the sequences from
the latter clade, share the characteristic of having incomplete
AP2-R1 or AP2-R2 domains (see alignment in Supplementary
Figure 2), which could be the result of different selective
pressures driving the fixation of changes that lead to AA
losses in the DNA-binding part of the protein in these taxa.
Also, we detected duplication events within this clade in
lycophytes, and angiosperms (Figure 1, yellow stars). WRI1
and WRI4/ADAP clades share a common ancestor with
Azolla_Azfi_s0207.g057931, a fern sequence (51%). No other fern
sequences were nested within the basalANT clade, which could be
the result of incomplete sampling or loss of basalANT members.

Little is known about sequences belonging to the basalANT
clade, aside from the role of AthWRI1 in the regulation of fatty
acid metabolism in the seed (To et al., 2012), of AthWRI4 in
cuticular wax biosynthesis (Park et al., 2016), and AthADAP
a key TF for abscisic acid response (Lee et al., 2009). Recent
experimental evidence points to the role of ABA in sex
determination and transpiration in early land plants, millions of
years before the ABA pathway was co-opted to modulate seed
dormancy and water balance (McAdam et al., 2016). We can
hypothesize that the ancient function of WRI/ADAP proteins
could be related mainly to an ABA-dependent pathway that
secured adaptation to a desiccated environment via modulating
pore function for carbon dioxide and oxygen exchange and
controlled water exchange, which requires the generation of an
impermeable wax cover. This hypothesis could be tested with
the functional characterization of basalANT genes from non-seed
plants. We can also speculate that the duplication of WRI/ADAP
genes in seed plants (Figure 1, yellow star) may have led to the
acquisition of new expression patterns by positive selection to
regulate fatty acid metabolism, dormancy, and water exchange in
the seed and floral tissues.

Two major sister clades formed within the euANT (Figure 1,
orange bar), one of them includes AthANT and AthAIL1
(48%). All the euANT sequences from bryophytes formed a
subgroup within the ANT/AIL1 clade (43%). The sequences
from Liverworts (Porella pinnata, Plagiochila asplenoiides, and
M. polymorpha) clustered together (98%) as a sister clade to
the clade containing the four P. patens sequences, forming the
Setaphyta clade (Puttick et al., 2018). The contrast in number of
euANT copies within the moss P. patens and the liverworts in this
study has to do with the fact that the moss lineage has experienced
events of Whole Genome Duplication (WGD) and retention of

paralogs after these events (Figure 1, yellow stars) (Lang et al.,
2018). The hornwort sequences (Megaceros tosanus and P. hallii)
appeared as a sister clade (100%) to the Liverwort/Mosses
group. The sequences from lycophytes (Isoetes sp., Selaginella
moellendorffii, and Lycopodium deuterodensum) were grouped
together in a clade (74%) sister to the bryophyte sequences. Floyd
and Bowman (2007) also recovered the lycophyte sequences in
their Bayesian analysis of euANT genes as sister clade to the
ANT/AIL1 clade. All the sequences from ferns, were recovered
in a sister clade to the bryophyte/lycophyte clade, although with
low bootstrap support (38%). This clade also harbors sequences
from pinophytes, A. trichopoda, eudicots and monocots closely
related to AthANT and AthAIL1. A clade of just A. filiculoides
and S. cucullata sequences was recovered as sister to the major
ANT/AIL1 clade, the bootstrap support for this clade is low (<50)
but it could have its origin after a duplication of the euANT gene
in ferns. It would be interesting to see if this clade maintains its
position when more fern genomes become available and a better
sampling of ANT genes is possible.

The other euANT major clade in this phylogenetic estimation
includes all the PLT/BBM sequences from A. thaliana and
their closely related sequences from P. abies, A. trichopoda,
S. lycopersicum, O. sativa, and S. bicolor. This clade was also
resolved in previous euANT phylogenies (Shigyo and Ito, 2004;
Kim et al., 2006; Floyd and Bowman, 2007; Yamada et al., 2008)
but no pinophyte sequences were resolved within this clade
before. In our phylogeny, Picea_MA_86195g0010 was included
in the BBM clade, and Picea_MA_196219g0010 resolved within
the PLT1/2 clade. This, together with the fact that no bryophyte,
lycophyte or fern sequences were clustered within this clade,
could mean that the PLT/BBM clade had its origins after an event
of duplication in the common ancestor of seed plants (Figure 1,
yellow star). Within the BBM clade, we found a single ortholog
in gymnosperms, Amborella and eudicots while monocots have
two or more copies, originating from a duplication event
in the ancestor of monocots and subsequent duplication in
O. sativa. It is now known that in O. sativa four BBM-like genes
have a redundant function in early embryogenesis (Khanday
et al., 2018), possibly monocots have retained more copies of
BBM because of a selection pressure to maintain a redundant
function between all the copies in case a mutation arises that
could compromise early development of the plant. But as our
phylogenetic reconstruction includes species that belong only to
the Poaceae family, an extensive sampling of monocots would
be helpful to detect if this retention of copies is exclusive to
Poaceae or is a trait common to all monocots. The PLT clade
resolved in our phylogenetic reconstruction indicates that a
possible duplication of an ancestral PLT1-like gene originated the
PLT5 and PLT1-2/PLT3-7 clades in angiosperms. None of the
euANT sequences from A. trichopoda and O. sativa were resolved
within the PLT1-2/PLT3-7 clade, this could be due to extinction
of the members of this clade or to sampling error. The PLT1-
2/PLT3-7 clade has diversified more in eudicots than in other
angiosperms and there is evidence that paralogs like PLT1-2 and
PLT3-7 have redundant function and similar expression patterns
(Horstman et al., 2014). We also recovered a small clade (<50%
bootstrap support) of sequences belonging to S. bicolor, P. abies,
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and S. cucullata sister to the euANT clade, these sequences
have more variable residues in the R1-linker-R2 region with
respect to the other sequences in the alignment (see alignment
matrix in Supplementary Figure 2), and could be in the way
to pseudogenization via the accumulation of mutations after a
possible event of duplication (Moore and Purugganan, 2005).

Overall, considering streptophyte algae and previously
underrepresented bryophyte, lycophyte, and fern sequences
in the reconstruction of ANT phylogeny helps us broadly
understand the evolution of this lineage of TFs, as some nodes
within the phylogenetic tree are not significantly supported by
resampling. Our results suggest that a duplication of a single
preANT ancestor gene originated the land plant-exclusive
basalANT and euANT lineages and support that, as Floyd and
Bowman (2007) hypothesized, the most recent common ancestor
of embryophytes had one basalANT and one euANT protein
encoded in its genome. It would be interesting if this hypothesis
holds and the relationships between ANT gene clades is resolved
with greater support as new genomes of streptophyte algae and
non-seed plants are published and added to the phylogenetic
analysis of ANT TFs.

ANT Protein Structure Analysis
In order to characterize ANT protein structure among
streptophyte organisms, and to identify putative differences
that could distinguish groups formed in our phylogenetic
analysis, we first focused in analyzing the position and AA
composition in AP2-R1 and AP2-R2 domains, based on the
previously description of such domains (Riechmann and
Meyerowitz, 1998; Kim et al., 2006). For this we used the
retrieved sequences (enlisted in Supplementary Table 1) and
generated a de novo motif search using MEME4 (Bailey and
Elkan, 1994). In the sequences analyzed, euANT proteins
range from 263 to 882 AAs in length (Figure 2A), while
those of basalANT from 309 to 472 AAs (Figure 2B). In
the proteins we denominated as preANT, lengths are 436,
455, and 803 AAs for C. atmophyticus, M. caldariorum, and
K. nitens, respectively (Figure 2B). All euANT and preANT AA
sequences have a long pre-domain region while all basalANT
proteins possess a short pre-domain region. This could mean
that the ancestral streptophyte ANT protein likely had a long
pre-domain region that was lost in the basalANT lineage,
contrasting with Kim et al. (2006) that hypothesized that
a short pre-domain region was the ancestral state of ANT
proteins. Such conclusion may be influenced by the fact that
basalANT-like proteins with a short pre-domain were recovered
as sister sequences to the basalANT and euANT clades in
their phylogenetic reconstruction of ANT while our new
phylogenetic reconstruction, which includes sequences from
algae, suggests a loss of the long pre-domain region in the
basalANT clade.

The respective lengths of AP2-R1 and AP2-R2 domains are
highly conserved in the majority of the AA sequences analyzed
in this study. The AP2-R1 domain ranges from 72 to 77 AAs
and the AP2-R2 domain from 65 to 70 AAs. Some exceptions are
the euANT sequence AT5G10510_AthPLT3 that has an AP2-R1
motif of 98 AAs, and AT2G41710_Ath, Solyc08g076380_Sly, and

Os05g45954_Osa all basalANT sequences with expanded AP2-
R1 domains of 110, 83, and 89 AAs (Supplementary Figure 2).
Sequences with a reduced version of the AP2-R1 domain include
just euANT sequences from eudicots; Solyc03g123430_Sly, with
64 AAs; Os07g03250_Osa, with 33 AAs, and Os03g07940_Osa
with 38 AAs. The fern euANT sequences scaffold_2008839_Aca
and scaffold_2027582_Phe possess a reduced version of the
AP2-R2 domain, with 17 and 24 AAs, respectively. In the
same manner, the Amborella sequence scaffold00024.229_Atr
has an AP2-R2 domain of 54 AAs and the eudicot sequence
Solyc03g123430_Sly, of 60 AAs. Two basalANT sequences also
have a different AP2-R2 domain length wise, AT2G41710_Ath
and Solyc08g076380_Sly with 15 and 102 AAs, respectively. The
length of the AP2 domains in preANT proteins is within the
range estimated for the majority of the sequences in this study.
It would be interesting to test if ANT proteins with reduced AP2
domains can still bind DNA and, if so, what is the sequence of
the cis-element to which they bind. We also found that the linker
region is deeply conserved between all the sequences analyzed
(see also alignment in Supplementary Figure 2). It is possible
that changes in this region resulted deleterious, this suggests its
importance in correct protein structure and function.

Some of the most conserved motifs found by MEME reside
within the AP2-R1 – linker – AP2-R2 region of ANT proteins.
The euANT1-4 motifs, identified by Kim et al. (2006), were
represented in our MEME results (light green boxes in Figure 2)
in sequences belonging to the euANT clade. One of the euANT
sequences from S. bicolor, Sobic.007G056700, has a divergent 10-
AA insertion in the AP2-R1 domain and therefore does not have
the euANT1 motif. Moreover, MEME did not find any other of
the euANT motifs in this protein. This divergence is only present
in some of the monocot sequences analyzed, as another two
sequences from O. sativa, Os03g07940 and Os07g03250 appear
to have lost all euANT motifs. We found that 69% of euANT
sequences have the euANT2 motif, 79% the euANT3 motif and
90% the euANT4 motif (Figure 2). A previous euANT lineage
characterization stated that all euANT proteins possess the four
euANT motifs (Kim et al., 2006) but as more sequences from
more taxa are considered, we observe that this is not the rule for
all plant lineages.

Other conserved motifs shared by ANT proteins besides
euANT1-4 were named M1 through M13. Motifs shared by
basalANT and euANT proteins are M5, M7, M11, and M13. The
M5 motif (Figures 2A,B, cyan boxes) is located downstream of
the AP2-R2 domain in basal and euANT sequences. In euANT
proteins, M5 is only present in bryophytes and gymnosperms,
suggesting that it was lost in ferns and in the lineage that
gave rise to angiosperms. M7 motif, present in 53% of the
sequences analyzed, is located downstream of the AP2-R2
domain of euANT genes and its sequence suggests it could be
a nuclear localization signal (Aida et al., 2004). The M11 motif
(Figures 2A,B, brown boxes) in the euANT clade is present in
lycophytes, gymnosperms, and angiosperms and is absent from
bryophytes and ferns, suggesting it appeared in the ancestor
of tracheophytes. Only monocot sequences from the basalANT
clade share M11, this may be product of a convergent evolution
of this motif in both clades or of a loss of this motif in the
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FIGURE 2 | ANT protein conserved motifs in streptophyte sequences. Distribution of motifs identified by MEME in (A) euANT, (B) basalANT, and (C) preANT proteins
from representative species of major streptophyte lineages. Each motif (M1 to M13) is represented with a different colored box along a gray line that represents the
amino acid (AA) sequence of the protein. Deeply conserved AP2-R1 and AP2-R2 domains are shown as black rectangles of approximately 76 AAs. Motifs euANT1-
4, also identified in this study and reported previously by Kim et al. (2006), are displayed with light green boxes. Colored vertical lines left to taxa denote euANT AA
sequences in orange, basalANT in cyan and preANT in purple. (C) Logo of each motif identified by MEME. basalANT-exclusive motifs are marked with a red star. See
Supplementary Figure 3 for extended MEME results of all the ANT sequences in this study.

euANT sequences from ferns and basalANT sequences from all
lineages except monocots. Also, the M13 motif (Figures 2A,B,
pink boxes) could have arisen independently in both clades, as
euANT proteins belonging to the AIL1/ANT clade (Figure 1) and
monocot proteins from the BBM clade share it, while only six
basalANT proteins from angiosperm species have the M13 motif
(Supplementary Figure 3).

Motifs exclusive to the basalANT clade of proteins are M1,
located within the 10-AA insertion in the AP2-R1 domain
(Figure 2C, red asterisks); the Leucine-rich M2, situated toward
the C-terminus of the protein and shared by 54% of the

sequences and M3. M3 is shared by angiosperm sequences of
the WRI/ADAP clades (Figure 1). These sequences are the
only members of basalANT with known function in fatty acid
metabolism and abscisic acid response. It would be interesting
to test if the acquisition of the M3 motif in angiosperms has a
functional benefit, influencing protein 3D structure, binding to
DNA or interaction with other proteins to regulate transcription
of target genes.

euANT clade-exclusive motifs are M4, M6, M8, M10, and
M12 (Figure 2C). M4 is a motif located toward the C-terminal
side of the protein and is absent from angiosperm sequences
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(Figure 2A, red boxes). M6 is present in sequences from
bryophytes, lycophytes, ferns, and gymnosperms, as well as in
angiosperm protein sequences that belong to the AIL1/ANT,
BBM, and PLT1/PLT2 clades (Figures 1, 2A, in magenta), this
suggests M6 was lost before the PLT3/PLT7 – PLT5 divergence.
El Ouakfaoui et al. (2010) reported this same motif (M6) in
vascular plant sequences and named it euANT5. The M8 motif
(Figure 2A) follows the same tendency, with the exception of
PLT1/PLT2-type sequences which lacks it. Conserved motifs M10
and M12 (Figure 2A, in light purple and peach boxes) are
present in bryophyte, gymnosperm and angiosperm sequences
from the AIL1/ANT and BBM clades (Figure 1). We found
that the M12 motif was absent from lycophytes and ferns. Our
MEME search detected a single conserved motif within the
K. nitens and M. caldariorum sequences, the euANT1 motif. The
presence of euANT1 and the length of the pre-domain region in
preANT proteins (Figure 2B) suggests that the ancestral ANT
sequence resembled more an euANT protein and that subsequent
changes in the structure of ANT protein, including the length
of the pre-domain region and AP2-R1 domain sequence gave
rise to the basalANT lineage of proteins. euANT members
from bryophytes possess almost all the euANT conserved motifs
found in our MEME analysis, this suggests that the most recent
common ancestor of embryophytes already beared these motifs.
If the conserved motifs found have a functional role, the loss
of motifs in certain angiosperm euANT sequences suggests
that subfunctionalization took place after gene duplication and
divergence in this lineage.

Whether the differences in motifs among the ANT-like
proteins explored in this study, both those first described here
and those previously described elsewhere, are determinant for the
function of these TFs remains to be explored in planta by using
the few plant model systems available so far.

Selection Analysis for ANT Genes
The adaptation of plants to a desiccated environment is, in high
degree, the result of whole genome duplications and subsequent
changes in coding, non-coding and regulatory sequences that
augment the diversification potential in plant lineages and that
selection will act upon (Van de Peer et al., 2009; Wittkopp
and Kalay, 2012). To find evidence of the type and strength of
natural selection acting along ANT gene evolution, we performed
two types of FEL site-wise selection analyses using the ratio of
non-synonymous to synonymous substitutions (dN/dS) along
the codon alignment of the euANT and basalANT coding
sequences (Kosakovsky Pond and Frost, 2005). When the euANT
branches were selected as foreground and basalANT branches
as background, the dN/dS value (w), which indicates the ratio
of non-synonymous to synonymous substitutions, was 0.3781
for euANT and 0.2720 for basalANT. Similar w values were
obtained when basalANT branches were selected as foreground
and euANT as background, 0.2704 and 0.3782, respectively. This
suggests that the basalANT and euANT clades mainly underwent
negative or purifying selection (w < 1), which could explain
the relatively low sequence variability in the AP2R1-linker-
AP2R2 region that binds to DNA and allows transcriptional
regulation of ANT target genes. This analysis also suggests

that basalANT genes have been through stronger purifying
selection than euANT genes (Supplementary Table 2), which
have accumulated more changes in the pre- and post-domain
regions after tracheophyte divergence.

The site-specific selection analyses carried out along the 2,612
codons in the ANT genes alignment, revealed that 17 sites are
under positive selection and 302 sites are under negative selection
constantly along the ANT phylogeny (with a p-value < 0.05 for
the test dN6=dS) in the euANT clade as calculated by FEL. While
the basalANT clade coding sequences have 6 and 235 sites under
constant positive and negative selection pressure, respectively
(p < 0.05). All the euANT and basalANT sites that are unusually
variable and are under positive diversifying selection, fall outside
the region that codes for the two AP2 domains and the linker
region of the protein (Supplementary Figure 4B). The MEME
analysis supported seven of the sites detected by FEL, as having
positive selection in the euANT clade and two of the sites in the
basalANT clade (p < 0.05). MEME test detected that another
34 sites are under episodic diversifying selection (p < 0.05,
Supplementary Table 2). These results are evidence that the
majority of the coding sequence changes, occurring in the pre-
and post-domain regions of both basalANT and euANT through
time, might have been caused by neutral mutations that did not
affect the fitness of the proteins.

Finally, because it has been shown that certain ANT genes
respond to the WUSCHEL-related homeobox 5 (WOX5) TF
(Ding and Friml, 2010) and to phytohormones like auxins (Aida
et al., 2004; Li and Xue, 2011; Aoyama et al., 2012; Yamaguchi
et al., 2016), cytokinins (Dello Ioio et al., 2008; Li and Xue,
2011), and ethylene (Li and Xue, 2011), we made an exploratory
computational exercise to identify the putative association of
diverse transcriptional regulators with the regulatory regions
of ANT genes among Streptophyta. For this, we searched
for ERF, ARF, ARR-B, and WOX/WUSCHEL-responsive cis-
elements found in the promoter of ANT genes from O. sativa,
A. thaliana, A. trichopoda, P. patens, M. polymorpha, K. nitens,
and C. reinhardtii.

On average, auxin response elements (AREs) are the most
abundant motifs in the ANT regulatory regions analyzed
(Supplementary Figure 4A and Supplementary Table 3).
euANT genes regulate embryogenesis, stem cell niche
maintenance and organ growth both in the shoot and root
of A. thaliana by their interaction with the phytohormone
auxin (Horstman et al., 2014). Also, auxin-induced euANT
genes from the moss P. patens act as molecular switches for
the development of different types of stem cells and three-
dimensional growth (Aoyama et al., 2012). Interestingly, it has
been reported that the auxin perception pathway composed
by TIR1-Aux/IAA-ARF is not present in K. nitens (Ohtaka
et al., 2017), however, we found four AREs in the promoter
region of the preANT gene of this species. In light of these
findings, our results suggest that, although AREs are present
in the promoter regions of algae ANT genes, their putative
ARF-mediated interaction with Auxins was acquired later
in the common ancestor of embryophytes and could have
allowed the development of 3D apical growth (an innovation
in the transition to land), regulation of stem cell identity, and
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organ size control (Harrison, 2017). The second most abundant
CRE is the WOX/WUSCHEL TF family DNA-binding motif
(Supplementary Figure 4). All the sequences analyzed contain
at least one WOX/WUSCHEL-responsive motif, being potential
targets of such TFs, except for the promoter region of the
basalANT gene Mapoly0009s0013 (Supplementary Table 3). It
has been demonstrated that WOX5 acts downstream of Auxin
to regulate PLT1 expression in the root apical meristem of
A. thaliana (Ding and Friml, 2010). Green algae and basal
plant lineages contain WOX genes belonging to the ancient
clade of WOX TFs and possess the conserved homeodomain
motif that binds to DNA to regulate transcription of target
genes (Lian et al., 2014). From our in silico exploration, we
hypothesize that a WOX-ANT genetic interaction could have
arisen in the common ancestor of streptophytes. We speculate
that this ancient interaction, in which a WOX TF acts upstream
regulating the expression of an ANT gene, may have been
conserved in modern plants. A possible example of this is the
WOX5- PLT1 genetic interaction, two major factors for root
stem cell niche maintenance in A. thaliana (Aida et al., 2004).
Potential transcriptional regulation of ANT genes in response
to cytokinin can also be inferred by the presence of ARR-
B CREs in promoter sequences representative of every major
streptophyte lineage (Supplementary Table 3). Holzinger and
Becker (2015) found that orthologs of the cytokinin signaling
in the streptophyte algae Klebsormidium cernulatum were up-
regulated upon desiccation. Although the interaction between
cytokinin and ANT genes could have been originated in the
common ancestor of streptophytes, it would be interesting to
test experimentally if the angiosperm basalANT genes WRI1,
WR14, and ADAP are direct transcriptional targets of ARR-
B because of their role in adaptation to desiccation. We also
found that on average, ERF-responsive CREs (named GCC boxes;
Fujimoto et al., 2000) were the least common cis-elements in
ANT genes from streptophytes. Only four basalANT promoters
had GCC boxes and corresponded to angiosperm sequences
(Supplementary Table 3), this suggests that a putative interaction
between ERFs and basalANT genes was acquired after the
duplication of this genes in angiosperms.

Our results on the presence and abundance of these CREs in
the promoter regions of the analyzed pre, basal and euANT genes,

are only predictive for those genes and species. So far, there is no
experimental evidence that indicates they do respond to a given
hormone or that TFs indeed bind to them. To demonstrate that
a specific hormone influences, through the binding of a given TF,
gene transcription future wet-lab experiments are needed.

In summary, here we explored and analyzed in a more
complete and deep manner the putative origin of basalANT
and euANT TFs. This is the first study where streptophyte
algae sequences have been identified and analyzed for these
TFs. Moreover, our approach also explores differences in protein
motifs and cis-regulatory elements in the regulatory sequences
of representative genes along the plant tree of life. Finally, our
natural selection analysis reveals those sequences of the genes that
have been subject to changes versus those which remain highly
conserved. Altogether, our results provide a broad framework
for ANT-like genes putative functions in the evolution of plant
development, which we assume is useful for the generation
of novel hypotheses about protein motif importance and cis-
elements relevance in ANT gene expression that could be
validated experimentally, in order to define the relevance of ANT
TFs in the conquest of land by plants.
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We performed differential gene expression (DGE) and co-expression analyses with
genes encoding components of hormonal signaling pathways and the ∼400 annotated
transcription factors (TFs) of M. polymorpha across multiple developmental stages
of the life cycle. We identify a putative auxin-related co-expression module that has
significant overlap with transcripts induced in auxin-treated tissues. Consistent with
phylogenetic and functional studies, the class C ARF, MpARF3, is not part of the auxin-
related co-expression module and instead is associated with transcripts enriched in
gamete-producing gametangiophores. We analyze the Mparf3 and MpmiR160 mutant
transcriptomes in the context of coexpression to suggest that MpARF3 may antagonize
the reproductive transition via activating the MpMIR11671 and MpMIR529c precursors
whose encoded microRNAs target SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE
(SPL) transcripts of MpSPL1 and MpSPL2. Both MpSPL genes are part of the MpARF3
co-expression group corroborating their functional significance. We provide evidence of
the independence of MpARF3 from the auxin-signaling module and provide new testable
hypotheses on the role of auxin-related genes in patterning meristems and differentiation
events in liverworts.

Keywords: auxin, co-expression, Marchantia, auxin response factors, reproductive transitions, class C ARFs,
transcriptome, miR160

INTRODUCTION

Transcriptome studies in model systems provide a foundation to characterize genetic pathways
in the absence of mutational studies. Transcriptome co-expression studies can highlight how
specification of complex phenotypes depends on the activity of coordinated batteries of regulatory
genes. In plants, many co-expression analyses focused on secondary metabolite production
(Ruprecht et al., 2011; Ruprecht and Persson, 2012; Cassan-Wang et al., 2013; Ferreira et al., 2016;
Turco et al., 2017), although co-expressed modules for hormonal genes (Ruprecht et al., 2017b;
Singh et al., 2017), or developmental factors have also been described (Ichihashi et al., 2014).
The functional significance of co-expression modules has been tested by further differential gene
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expression (DGE), protein-protein interaction (Kemmeren et al.,
2002; Ichihashi et al., 2014), epigenetic (Turco et al., 2017) or
functional analyses (Yokoyama et al., 2007; Ruprecht et al., 2011;
Cassan-Wang et al., 2013; Ichihashi et al., 2014). Furthermore,
studies have corroborated conservation of sets of co-expressed
genes in closely related species (Ficklin and Feltus, 2011; Ichihashi
et al., 2014; Netotea et al., 2014; Ferreira et al., 2016) as well as in
deep evolutionary time (Stuart et al., 2003; Gerstein et al., 2014;
Ruprecht et al., 2017a). From a simple ancestral genetic network,
gene/genome duplication events could trigger the formation of
novel co-expression clusters that can be re-wired and co-opted to
pattern novel biological processes (Ruprecht et al., 2017b).

With the establishment of model bryophytes, an increasing
number of transcriptome datasets describing multiple
developmental and environmental conditions in mosses
(Devos et al., 2016; Ortiz-Ramírez et al., 2016; Perroud et al.,
2018) and liverworts (Alaba et al., 2015; Frank and Scanlon, 2015;
Higo et al., 2016), are providing novel avenues to perform reverse
genetic studies in non-vascular plant lineages. Marchantia
polymorpha is a dioecious liverwort model system (Ishizaki
et al., 2016) amenable to gene editing (Sugano et al., 2014)
and gene silencing (Flores-Sandoval et al., 2016) techniques.
Regulatory genes encoded in the M. polymorpha genome exhibit
little genetic redundancy, with many transcription factor (TF)
families represented by single paralogs (Bowman et al., 2017),
making it an attractive system to characterize gene families that
display genetic redundancy in other systems. The life cycle of
M. polymorpha is haploid dominant (Figure 1A), with the diploid
generation dependent upon the maternal haploid plant. Haploid
spores germinate producing a sporeling, a developmental stage
with active cell proliferation that forms a simple polarity between
anchoring rhizoids and photosynthetic cells (Shimamura, 2016).
In accordance with previous work (Bowman et al., 2017; Boehm
et al., 2017), day 1 sporelings are single celled but actively
differentiate chloroplasts, day 2 sporelings initiate a rhizoid
cell, in day 3 sporelings the rhizoid cell elongates and the first
divisions of the shoot occur, clearly establishing anatomical
apical-basal polarity. By day 4, sporelings undergo proliferation
of photosynthetic shoot tissue and further elongation of the
rhizoid (Figure 1A). Using light cues, sporelings transition
into prothalli, a two-dimensional heart-shaped body in which a
meristematic zone with an apical cell producing derivatives in
two planes is established (Flores-Sandoval et al., 2015). When
the apical cell (Figure 1B) transitions to producing derivatives in
four planes (top, bottom and lateral planes) a three-dimensional
vegetative thallus (Figure 1C) is formed. Growth in thalli occurs
at apical regions with differentiated tissues produced from
apical cell derivatives and the apical meristem dichotomously
branching (Figure 1C) at regular intervals (Shimamura, 2016;
Solly et al., 2017). Upon inductive far-red to red light ratios
(Kubota et al., 2014; Inoue et al., 2016; Linde et al., 2017)
apices differentiate umbrella-like sexual gametangiophores
(Figures 1D,E) wherein gametes (Figures 1F,G) are produced
(Higo et al., 2016; Koi et al., 2016; Rövekamp et al., 2016;
Yamaoka et al., 2018). In an moist environment, a sperm cell
swims and fertilizes an egg cell, thus forming a zygote that
undergoes several rounds of cell proliferation (Figure 1H) before

differentiating sporogenous (Figure 1I) tissue (Shimamura,
2016).

Auxin is a key phytohormone that triggers multiple aspects of
land plant physiology and development in a context dependent
fashion. Comparative analysis between charophycean algae and
land plant genomes and transcriptomes indicates that the
canonical F-box mediated auxin signaling pathway evolved in
the land plant ancestor (Bowman et al., 2017). Surprisingly,
charophycean algae are able to transcriptionally respond to
exogenous auxin (Hori et al., 2014; Ohtaka et al., 2017;
Romani, 2017; Mutte et al., 2018) even in the absence of
specific TIR1 F-box receptors, AUX/IAAs with auxin-sensitive
degron (II) domains or distinct class A and B ARFs (Bowman
et al., 2017; Flores-Sandoval et al., 2018; Mutte et al., 2018).
M. polymorpha possesses single paralogs of all the canonical
auxin-signaling pathway genes, retaining the predicted ancestral
embryophyte state (Flores-Sandoval et al., 2015; Kato et al., 2015;
Bowman et al., 2017; Mutte et al., 2018). In M. polymorpha,
the class A ARF (MpARF1) is necessary to elicit physiological
and transcriptional responses to exogenous auxin, acting as a
transcriptional activator (Kato et al., 2017). The class B ARF
(MpARF2) has not yet been characterized but is regarded as a
transcriptional repressor (Kato et al., 2015). The class C ARF
(MpARF3) is a target of the embryophyte-specific miRNA160
and antagonizes differentiation events in multiple developmental
contexts with loss-of-function Mparf3 alleles able to respond
to exogenous auxin (Flores-Sandoval et al., 2018; Mutte et al.,
2018), and strong gain-of-function MpARF3 alleles resembling
auxin-depleted mutants (Eklund et al., 2015; Flores-Sandoval
et al., 2018). Phylogenetic analysis indicates Class C ARFs evolved
in a charophycean algal ancestor prior to the emergence of
the auxin-signaling module (Flores-Sandoval et al., 2018; Mutte
et al., 2018). Two additional genes, the NON-CANONICAL
ARF (MpNCARF) and NON-CANONICAL IAA (MpNCIAA),
are predicted to form part of the auxin-mediated transcriptional
response (Flores-Sandoval et al., 2018; Mutte et al., 2018).
NCARFs evolved from a class A-like ARF in the embryophyte
ancestor, and in M. polymorpha act synergistically with MpARF1
to promote auxin signaling despite lacking a B3-DNA binding
domain (Flores-Sandoval et al., 2018; Mutte et al., 2018). NCIAA
genes form a sister clade to the AUX/IAA auxin signaling
repressor genes, and as with the case of the class C ARFs,
evolved prior to the origin of land plants (Flores-Sandoval et al.,
2018; Mutte et al., 2018). Mpnciaa mutants are also sensitive
to exogenous auxin (Mutte et al., 2018) suggesting they are
not essential for auxin signaling. Despite conservation of these
components across land plants, it is not known whether these
genes act in common co-expression groups and whether their
co-expression reflects functional dependency. Furthermore, the
low number of annotated TFs, aMIR precursors and hormone-
related genes in M. polymorpha allow accessible computation of
a regulatory co-expression matrix, which perhaps is difficult in
angiosperm model systems due to their high genetic redundancy.
In this study we create a preliminary expression landscape
of TFs defining developmental transitions in M. polymorpha
based on available transcriptomic data. With co-expression
analysis, we define gene clusters related to different tissues and
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FIGURE 1 | The life cycle of M. polymorpha. (A) Life cycle schematic of M. polymorpha displaying representative tissues of transcriptome libraries used in the study.
Prothallus diagram based on Kny (1890). (B) Wild type thallus apex cross-section showing putative apical cell (red arrow). (C) Wild-type thallus showing
dichotomous branching from apical notches. (D) Wild-type antheridiophore. (E) Wild-type archegoniophore. (F) Wild-type antheridia. (G) Wild-type archegonia. (H)
Young wild-type sporophyte at similar to the sequenced 13-day sporophytes from Frank and Scanlon (2015). (I) Mature wild-type sporophytes protruding from
archegoniophore. Asterisks = apical notches and gc = gemmae cups.

developmental stages. Moreover, we reveal a cluster of auxin-
related genes that are validated by significant overlap with auxin-
inducible transcripts. We further show that the class C auxin
response factor is expressed independently of this cluster and may
negatively influence reproductive transitions in M. polymorpha.

MATERIALS AND METHODS

DGE Expression Analysis
Fastq files of publicly available Illumina RNA-Seq libraries
were obtained from the NCBI (SRA) depository. All libraries
used for DGE analysis were performed in triplicates (except
for antheridia – duplicates) and pairwise-comparisons were
exclusively made with their original controls. Marchantia
genome assembly (V3.1) and annotated gene models were
used as references for TopHat2 mapping (Kim et al.,
2013; Afgan et al., 2015). Control, Mparf3 and Mpmir160
transcriptomes were sequenced and processed as previously
described (Flores-Sandoval et al., 2018). DGE analysis
was performed with edgeR and outputs presented were
limited to curated TFs (Supplementary Table S1; Bowman
et al., 2017) with logCPM > 0 and P-Values < 0.01.
Box plots were generated using and online R application
available at http://shiny.chemgrid.org/boxplotr/. Accession
numbers from the NCBI Sequence Read Archive include:
11-day thalli (DRR050343, DRR050344, and DRR050345),
Archegoniophore (DRR050351, DRR050352, and DRR050353),
Antheridiophore, (DRR050346, DRR050347, and DRR050348),
Antheridia (DRR050349, and DRR050350), apical cell

(SRR1553294, SRR1553295, and SRR1553296), 13d-Sporophyte
(SRR1553297, SRR1553298, and SRR1553299), Sporelings 0 h
(SRR4450262, SRR4450261, and SRR4450260), 24hr-Sporeling
(SRR4450266, SRR4450265, and SRR4450259), 48hr-Sporeling
(SRR4450268, SRR4450264, and SRR4450263), 72hr-Sporeling
(SRR4450267, SRR4450258, and SRR4450257), 96hr-Sporeling
(SRR4450256, SRR4450255, and SRR4450254), 1-month wild
type (SRR6685782, SRR6685783, and SRR6685784), 1-month
Mparf3 (SRR6685778, SRR6685779, and SRR6685785), 1-month
Mpmir160 (SRR6685777, SRR6685780, and SRR6685781), thalli-
mock (SRR5905100, SRR5905099, and SRR5905098), and 2,4-D
1-h (SRR5905097, SRR5905092, and SRR5905091). Alternatively,
we performed DGE analysis with DESeq2 (Love et al., 2014)
when stated in the text.

Co-expression Analysis
Pearson’s correlations were calculated for all Marchantia TFs
and for genes with putative connection with auxin biology:
correlation coefficients were calculated amongst TFs and whole
genome co-expression partners were calculated only for auxin-
related genes. Gene sets were generated considering those with
correlation > 0.8 and P-value < 0.001 as significantly co-
expressed. Venn and Euler plots were generated using R package
VennDiagram as well as VENNY (Oliveros, 2007). UpSet plots
were generated using its respective R package (Lex et al.,
2014). Heatmaps for TF co-expression matrixes were generated
using Heatmapper (Babicki et al., 2016) by applying average
linkage clustering to rows and columns and Euclidian distance
measurements.
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Enrichment Analysis
Comparison of co-expression groups with differentially
expressed genes were performed by enrichment analysis using
Fisher’s exact test. For the auxin enrichment analysis we
manually selected auxin related co-expression groups (and
unrelated genes as negative controls) as a bait against: Auxin
inducible genes from Physcomitrella patens (p.adjust < 0.05; Lavy
et al., 2016), Arabidopsis thaliana (p.adjust < 0.01; Omelyanchuk
et al., 2017) and M. polymorpha (p.adjust < 0.05; Mutte et al.,
2018). For the first two species listed we determined orthologs
using Phytozome1. −log10 P-values were reported in each
Figure.

GO and Protein Family Enrichment
Gene sets were functionally characterized via GO term
enrichment analysis using an in-house Fisher’s exact test
algorithm implemented in R (v3.3.2). We compiled Biological
Process related GO term annotation for M. polymorpha genes
using annotations available in Phytozome for M. polymorpha and
A. thaliana and P. patens orthologs. We included in our GO term
database both one-to-many and many-to-one relationships in
order to obtain a more accurate annotation. For protein families,
we used the same algorithm based on a different database. In
this case, we annotated protein families using the HMMscan
algorithm implemented in HMMER3 (Wheeler and Eddy, 2013)
over the M. polymorpha proteome with default parameters and
using Pfam profiles2.

RESULTS

Transcription Factors Controlling
Developmental Transitions in
M. polymorpha
We performed DGE analysis on publicly available RNA-
Seq libraries to (1) identify transcription factors defining or
influencing Marchantia developmental transitions and (2) use
the obtained datasets as references for enrichment analysis
(Frank and Scanlon, 2015; Higo et al., 2016; Bowman et al.,
2017). Datasets span multiple tissues throughout the life cycle,
including intensively sampled sporelings during the first 5 days
of development (Bowman et al., 2017), apical cells (Frank
and Scanlon, 2015), gametangiophores, antheridia (Higo et al.,
2016), and 13-day old sporophytic micro-dissections (Frank and
Scanlon, 2015). In our analysis, 82% of differentially expressed
TFs with P < 0.01 (edgeR) have fold changes (FC) below 4× in
most tissues except sporophytes (Figure 2A and Supplementary
Figure S1A), suggesting feedback regulation preventing drastic
changes in regulatory gene expression. To account for both
read abundance and fold-changes, we used the product of
logFC and logCPM (counts per million) to categorize the
transcripts enriched in a particular tissue. Of the 405 TFs in
the M. polymorpha genome (Supplementary Table S1), 45 were

1https://phytozome.jgi.doe.gov/
2https://pfam.xfam.org/

not differentially expressed in any of the performed pair-wise
comparisons (Supplementary Figure S1B).

In order to find TFs specific to a developmental transition,
we compared all upregulated TFs in each tissue using
a cut off of logFC and logCPM > 0 (Figure 2B and
Supplementary Table S2). Mature sporophyte-enriched TFs
sequenced by JGI (Bowman et al., 2017) were included
in this comparison to validate the 13-day microdissected
sporophytes with both datasets showing a high degree of overlap
(Figure 2B). Mature sporophytes have the largest number
of uniquely upregulated TFs (Figure 2B), followed by 24-h
germinated spores, gametangiophores and thalli. The apical
cell and antheridia had a single uniquely upregulated TF each
(Figure 2B). As expected, antheridia and antheridiophores, male
and female gametangiophores and thalli/24-h sporelings show
the highest degree of similarity. Surprisingly, 13-day sporophytes,
but not mature sporophytes, had common and exclusive
upregulation with archegoniophores and antheridia. Finally,
antheridia, antheridiophores and archegoniophores formed a
large group of uniquely upregulated TFs (Figure 2B). The TFs
enriched in each tissue library will be described in detail in the
following paragraphs.

Sporelings 0 to 24 h
A total of 193 TFs (114 upregulated) define the transition
of dormant spores to germinated ones (Figure 2A and
Supplementary Table S3). This stage has the third highest
number of upregulated TFs after gametangiophores (logFC > 0),
and has the highest number of upregulated TFs at logFC > 2
(Supplementary Figure S1A). This likely reflects the large
number of physiological, cellular and developmental processes
being activated upon germination. The ortholog of the root
specifying TARGET OF MONOPTEROS 5/ABNORMAL SHOOT
5 (Schlereth et al., 2010), MpbHLH7 (Mapoly0039s0068,
logFC = 8 and logCPM = 5.9) is the highest expressed TF
incorporating both fold-changes and read abundance in 1-day
sporelings (Figure 3A). MpbHLH7 is followed by the B-box type
ZINC FINGER gene MpBBX3 (Mapoly0049s0067, logFC = 8.4
and logCPM = 5.7) and the single M. polymorpha GROWTH
REGULATING FACTOR gene MpGRF (Mapoly1350s0001,
logFC = 10 and logCPM = 4.4). MpGRAS8 (Mapoly0065s0089,
logFC = 7.6 and logCPM = 5.23) from an uncharacterized
GRAS lineage in plants (Bowman et al., 2017), and MpbHLH41
(Mapoly0100s0033, logFC = 6.21 and logCPM = 6.23), an
ortholog of NAI1, a TF involved in activation of post-germinative
seedling programs in Arabidopsis (Yoshii et al., 2015) are also
highly upregulated. An auxin-inducible gene (Mutte et al.,
2018), the HOMEODOMAIN class II HD-ZIP, MpC2HDZ
(Mapoly0069s0069, logFC = 5.89 and logCPM = 5.01) also
has high expression consistent with up-regulation of MpYUC2
(Mapoly0063s0040, logFC = 1.32 and logCPM = 3.55). Co-
expression dynamics for day-1 sporeling enriched genes
shows MpbHLH7 and MpC2HDZ are highly correlated.
Meanwhile MpGRF expression correlates with that of the
class I TCP MpTCP1, the auxin signaling repressor MpIAA
and the HOMEODOMAIN class IV HD-ZIP MpC4HDZ
(Supplementary Figure S2).
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FIGURE 2 | Differential gene expression analysis in M. polymorpha. (A) Boxplots of log2FC value distribution of differentially expressed (edgeR, P < 0.01) TFs in
multiple pair-wise comparisons. Central lines represent medians; box limits indicate the 25th and 75th percentiles as determined by R software
(http://shiny.chemgrid.org/boxplotr/); whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are represented by dots; crosses
represent sample means; data points are plotted as open circles. Number of sample points are included for each group. (B) UpSet diagram indicating intersections
between upregulated TFs (P < 0.01, logFC > 0) in multiple pairwise comparisons. Diagram indicates uniquely up-regulated TFs on the left, followed by those
exclusively shared between two and three pairwise comparisons. Abbreviations: ac, apical cell; th, thallus; spo-mat, JGI-sporophytes; 72 h, 72-h sporelings; 96 h,
96-h sporelings; spo-13 d, 13-day sporophytes; 48 h, 48-h sporelings; 24 h, 24-h sporelings; archeg, archegoniophores; anther, antheridiophores.

Sporelings 24 to 48 h
A total of 184 TFs (90 upregulated, Supplementary
Table S4) define the second day of sporeling development
where the first rhizoid is formed (Bowman et al., 2017).
MpHMGbox2 (Mapoly0026s0138, logFC = 7 and logCPM = 6.8)
and MpHMGbox1 (Mapoly0013s0048, logFC = 1.03 and
logCPM = 8.71) are upregulated and abundant (Figure 3B).
They are orthologs of the 3xHIGH MOBILITY GROUP-
BOX2 genes involved in cell cycle regulation (Pedersen et al.,
2011). These are followed by two GRAS TFs: MpGRAS3
(Mapoly0014s0183, logFC = 5 and logCPM = 3.2) and MpGRAS5
(Mapoly0047s0034, logFC = 2.86 and logCPM = 3.85), which
belong to separate and uncharacterized GRAS lineages in land
plants (Bowman et al., 2017). MpERF21 (Mapoly0166s0010,
logFC = 2.77 and logCPM = 4.38), an ABA REPRESSOR1

(ABR1) ortholog and MpERF7 (Mapoly0034s0029, logFC = 1.77
and logCPM = 4.9) a DREB26 ortholog, are two AP2/ERF TFs
enriched in this transition and putatively involved in stress-
responses (Pandey, 2005; Krishnaswamy et al., 2011). Finally,
MpbHLH15 (Mapoly0038s0058, logFC = 2 and logCPM = 6),
an ortholog of CRYPTOCHROME-INTERACTING (CIB)
bHLHs (Liu et al., 2008) is also enriched in day two sporelings
(Figure 3B). Co-expression dynamics for day-2 sporeling
enriched genes shows MpHMGbox1 and 2 form a distinct
group, while MpERF7 and 21 are co-expressed (Supplementary
Figure S3).

Sporelings 48 to 72 h
A total of 142 TFs (50 upregulated, Supplementary Table S5)
define this transition, where photosynthetic vs. anchoring
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FIGURE 3 | Differentially expressed TFs in M. polymorpha sporelings. LogFC and logCPM outputs of DGE analysis showing pairwise comparisons of (A) 0 vs. 24 h,
(B) 24 vs. 48 h, (C) 48 vs. 72 h, and (D) 72 vs. 96 h. Top 15 upregulated (blue) and downregulated (red) TFs are annotated, with the top5 upregulated TFs underlined.

tissue polarity is properly established (Bowman et al., 2017).
MpR2R3-MYB17 (logFC = 3.2, logCPM = 4.05) a MIXTA-like
MYB TF is the highest expressed gene after incorporating
abundance (Figure 3C). It belongs to a MYB lineage (clade
IV) composed of genes regulating secondary compound
metabolism (Bowman et al., 2017). Similar to day 2, MpERF21
continues its enrichment (logFC = 1.12 and logCPM = 5.86),
as well as MpbHLH21 (Mapoly0037s0007, logFC = 1.54 and
logCPM = 4.69) a paralog of MpbHLH15 (CIB bHLHs).
The auxin signaling pathway, represented by MpARF1
(Mapoly0019s0045, logFC = 1.32 and logFC = 4.94) and
MpARF2 (Mapoly0011s0167, logFC = 0.72 and logFC = 6.41)
are significantly upregulated in this transition (Supplementary
Figure S4A). The CUP-SHAPE COTYLEDON ortholog
MpNAC1 (Mapoly0015s0058, logFC = 3.1 and logCPM = 1.3)
and the RAV-like B3-domain TF MpRAV (Mapoly0072s0102,
logFC = 1.71 and logCPM = 3.32) are also enriched. The logFC
average in 3-day sporelings has decreased by ∼1/2 (Figure 2A)
from 1-day sporelings, suggesting increased homeostatic control
of TF expression. MpR2R3-MYB17, MpARF1, MpARF2, and

MpNAC1 form a robust co-expression cluster (Supplementary
Figure S5).

Sporelings 72 to 96 h
A total of 106 TFs (52 unregulated, Supplementary Table S6)
define this transition, where there is a proliferation of
photosynthetic cells and elongation of the rhizoid (Bowman et al.,
2017). The ANT/PLETHORA/BABYBOOM ortholog MpANT
(Mapoly0008s0071, euANT clade) involved in meristematic
activity in mosses (Aoyama et al., 2012) and angiosperms
(Aida et al., 2004; Kareem et al., 2015) is the TF with the
highest fold-change (logFC = 5.6) despite being mildly expressed
(logCPM = 1.3, Figure 3D). The auxin-induced gene MpWIP
(Mapoly0096s0050, logFC = 2.95 and logCPM = 2.38) necessary
for air pore development (Jones and Dolan, 2017) follows a
similar pattern. MpERF14 (Mapoly0066s0103, logFC = 3.38
and logCPM = 3.63) from clade VIII of the ERF phylogeny
(Bowman et al., 2017), MpHMGbox2 (logFC = 7.75 and
logCPM=) and MpWRKY13 (Mapoly0162s0003, logFC = 2.59
and logCPM = 3.43) are highly expressed and upregulated
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(Figure 3D). The auxin-signaling TFs MpARF1 (logFC = 0.46
and logCPM = 5.76) and MpARF2 (logFC = 0.24 and
logCPM = 6.91) continue to be highly expressed and upregulated
(Supplementary Figure S4A). Enrichment analysis (Fishers-
exact test) probing auxin-induced M. polymorpha transcripts
(Mutte et al., 2018) with sporeling and thalloid transcriptomes
shows that 96-h sporelings vastly converge with genes activated
by auxin, perhaps as a result of progressive increases of class
A and B ARF activity (Supplementary Figure S4B). All of
the above mentioned genes form a robust co-expression cluster
(Supplementary Figure S5).

Thalli vs. Archegoniophores
A total of 188 TFs (129 upregulated, Supplementary Table S7)
are differentially expressed between 11-day thalli and mature
archegoniophores (Higo et al., 2016). The TFs with highest
expression at this stage (Figure 4A) is the bHLH factor
MpBONOBO/MpBNB (Mapoly0024s0106, logFC = 7 and
logCPM 2.6), which has been shown to promote formation of
gametangiophores and biogenesis of gametes (Yamaoka et al.,
2018). MpR2R3-MYB1 (Mapoly0001s0061) is a highly expressed
and upregulated factor in archegoniophores (logFC = 5.26
and logCPM = 6.37), followed by the B3-domain MpABI3B
(Mapoly0474s0001, logFC = 5.26 and logCPM = 5.96) whose
orthologs in Arabidopsis modulate abscisic acid responses
(Mccarty et al., 1991; Suzuki et al., 2001). Finally, the putative
GT2-like MpTRIHELIX39 (Mapoly0003s0229, logFC = 5.98 and
logCPM 3.2) has drastic fold changes but lower read counts
(Figure 4A).

Thalli vs. Antheridiophores
A total of 257 TFs (166 upregulated, Supplementary Table S8)
are differentially expressed in antheridiophores when compared
to 11-day thalli. One of the two DP-E2F-LIKE PROTEIN TFs
in Marchantia, MpDEL2 (Mapoly0198s0008, logFC = 8.34 and
logCPM = 4.64), involved in regulating the cell cycle and cell
proliferation (Sozzani et al., 2010), as well as MpBNB (logFC = 8
and logCPM = 3.4) are the TFs with the highest fold change
in the transition from thalli to antheridiophores (Figure 4B).
In addition, MpERF21 (Mapoly0166s0010, logFC = 5.14 and
logCPM = 6.52), MpBZR3 (Mapoly0072s0031, logFC = 7.22,
logCPM = 4.23), and MpTRIHELIX34 (Mapoly0159s0017,
logFC = 4.38, logCPM = 6.84) are highly expressed genes with
large fold-changes in antheridiophores (Figure 4B).

Reproductive Transition
A total of 126 TFs (87 upregulated, Supplementary Table S9)
are shared with similar dynamics in thalli vs. archegoniophore
and thalli vs. antheridiophore comparisons (Figure 4C).
Nine of these genes were enriched in no other tissue but
gametangiophores albeit being mildly upregulated (Figure 2B
and Supplementary Table S2). Thirteen genes were exclusive to
gametangiophores and antheridia, corroborating their specificity
in reproductive roles (Figure 2B and Supplementary Table S2).
MpBNB is in this former group, consistent with its role in
both gametangiophore and gamete formation (Yamaoka et al.,
2018). Additional genes were enriched but not specific to

gametangiophores (Supplementary Table S2). A majority of
these TFs (Figure 4C) have 1:1 ratios of logCPM between
male and female tissues with only MpR2R3-MYB1 being higher
in females (logCPM female/male = 1.3) and MpBZR3 and
MpR2R3-MYB6 preferentially expressed in males (logCPM
male/female = 2.5 in both cases). Despite their high expression
in males, complete MpR2R3-MYB1 transcripts were exclusively
found in females, suggesting male expression may be represented
by incomplete transcripts.

Female Enriched Genes
Due to the lack of archegonia-specific transcriptomes, we defined
female enriched genes by discarding reproductive transition
genes from the thalli vs. archegoniophore comparison (62
genes in total, 42 upregulated, Supplementary Table S10).
These include (Figure 5A) MpNAC8 (Mapoly0035s0054,
logFC = 5.19 and logCPM = 2.75), which is an ortholog
of LONG VEGETATIVE PHASE (LOV1) involved in
repressing flowering transitions in Arabidopsis (Yoo et al.,
2007); MpTRIHELIX39, and the SH4-like MpTRIHELIX28
(Mapoly0122s0030, logFC = 4.89 and logCPM = 2.16).
Additionally, two TALE-HOMEODOMAIN TFs are also
upregulated in females although with lower read counts,
possibly showing a diluted signal from archegonia RNA. These
include the class I KNOX gene MpKNOX1 (Mapoly0175s0020,
logFC = 4.1 and logCPM = 1.53) as well as a BELL gene,
MpBELL5 (Mapoly0093s0028, logFC = 2.23 and logCPM = 2.79),
the latter only having orthologs in charophycean algae (Bowman
et al., 2017).

Male Enriched Genes
A total of 131 TFs (79 upregulated, Supplementary Table S11)
are enriched in antheridiophores after discarding reproductive
transition genes. MpDEL2 and MpTRIHELIX34 are kept in this
category (Figure 5B). Additional genes include, MpERF21
(Mapoly0166s0010, logFC = 5.21 and logCPM = 6.52),
MpbHLH2 (Mapoly0028s0062, logFC = 3.48 and logCPM = 6.49)
an ortholog of AT4G09820, MpERF15 (Mapoly0068s0088,
logFC = 2.61 and logCPM = 6.49), MpGRAS7 (Mapoly0064s0023,
logFC = 5.18 and logCPM = 3.91) a gene lost in the common
ancestor of seed plants (Bowman et al., 2017), and MpWRKY14
(Mapoly0467s0001, logFC = 2.37 and logCPM = 6.49) that
belongs to clade III in the WRKY phylogeny (Bowman et al.,
2017).

Antheridiophore vs. Antheridia
A total of 256 TFs (108 upregulated, Supplementary Table S12)
are differentially expressed in antheridia when compared to
antheridiophores. The higher ratio of repressed/activated
TFs suggests the substitution of haploid photosynthetic and
free-living thalli for that of more specialized gamete forming
pathways (Figure 2A). For example, TFs upregulated during
sporeling development, such as MpGRF (logFC = −10)
and MpANT (logFC = −8) are repressed (Figure 5C).
Upregulated genes in antheridia in both in terms of fold-
change and abundance (Figure 5C) are an ortholog of the
SH4-like MpTRIHELIX16 (Mapoly0037s0146, logFC = 5.79 and
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FIGURE 4 | Differentially expressed TFs in M. polymorpha gametangiophores. LogFC and logCPM outputs of DGE analysis showing pairwise comparisons of (A)
thalli vs. archegoniophores and (B) thalli vs. antheridiophores. Top 15 upregulated (blue) and downregulated (red) TFs are annotated, with the top5 upregulated TFs
underlined. (C) TFs upregulated in both sexes were defined as reproductive transition genes, most of which have 1/1 ratios of logCPM values in males and females.

logCPM = 7.99); MpKNOX1A (Mapoly0174s0007, logFC = 5.93
and logCPM = 7); and MpKNOX1B (Mapoly0023s0081,
logFC = 2.55 and logCPM = 4.37), which are semi
conserved TALE (KNOX1) HD genes that have lost the
DNA binding domain (Bowman et al., 2017), MpBELL4
(Mapoly0013s0027, logFC = 6.79 and logCPM = 4.75) and
MpBELL5 (logFC = 2.25 and logCPM = 2.27). MpBELL4
in particular is not detected as differentially expressed in
thalli vs. antheridiophores, suggesting it is male-gamete
specific, while MpBELL5 shows incomplete transcription
in males, suggesting that it might be a female-associated
factor. Additional genes previously curated (Higo et al., 2016)
include Mp1R-MYB22 (Mapoly0811s0001, logFC = 3.85 and
logCPM = 7.15), MpRWP2/MpMID (Mapoly0014s0044,
logFC = 3.83, logCPM = 7) whose ortholog in the
chlorophycean algae Chlamydomonas specifies minus gametes

(Ferris and Goodenough, 1997; Lin and Goodenough, 2007),
and MpR2R3-MYB18 (Mapoly0123s0012, logFC = 3.52 and
logCPM = 6.81) an ortholog of FOUR LIPS (FLP), which restricts
mitosis in stomatal development in Arabidopsis (Lee et al., 2013).

Sporophytic Genes
We re-analyzed the microdissected RNA of 13-day-old
sporophytes given that at the time of publication (Frank
and Scanlon, 2015) there was no annotated reference genome.
These samples have low read-mapping rate using TopHat2
(∼60%), which would leave differentially expressed genes
with low CPM undetected. Replicates were compared to
its endogenous control, the apical notch microdissected
libraries. Due to these limitations, the 85 differentially
expressed TFs (57 upregulated, Supplementary Table S13) in
sporophytes are skewed to high-fold changes (Figures 2A, 5D).
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FIGURE 5 | Sex-enriched and sporophyte TFs obtained from DGE analysis. LogFC and logCPM outputs of DGE analysis showing TFs solely enriched in (A)
archegoniophores and not antheridiophores, (B) antheridiophores and not archegoniophores, (C) antheridia vs. antheridiophores, and (D) 13-day sporophytes vs.
apical cell RNAs. Top 15 upregulated (blue) and downregulated (red) TFs are annotated, with the top5 upregulated TFs underlined. Asterisks in (D) represent TFs not
upregulated in thallus tissue.

The TFs shared between 13-day sporophytes and mature
JGI sporophyte libraries (Figure 2B) include the AP2/B3
domain MpREM4 (Mapoly0006s0205, logFC = 13.86 and
logCPM = 6.96), several FAMA-like orthologs MpbHLH35-37
and 50 (Mapoly0031s0072, 74, 75, and 76; average logFC = 9.4
and logCPM = 2.67) involved in stomata development in
mosses and tracheophytes (Ohashi-Ito and Bergmann, 2006;
Chater et al., 2016); multiple Mp3R-MYBs (Mp3R-MYB3-6
and 9) among others (Supplementary Table S13). However,
representative mature sporophyte-enriched genes such as the
TALE-class HOMEODOMAIN MpBELL1 (Mapoly0213s0014),
MpKNOX2 (Mapoly0194s0001) and the AP2/B3 domain
MpREM1 (Mapoly0183s0010) were not upregulated in 13-day
sporophytes (Supplementary Table S13). Enrichment analysis
confirmed significant overlap between differentially expressed

JGI and 13-day sporophyte transcriptomes with a slight
significant overlap between female-enriched genes and 13-day
sporophytes (Supplementary Figure S6A). Female enriched
TFs (Figure 5A) upregulated in 13-day sporophytes include
MpTRIHELIX28 and 39, MpASLBD2, MpKNOX1, MpGRAS12,
MpNAC8, and MpbHLH29 (Figure 2B and Supplementary
Table S2). This could be due to archegonia RNA contamination
or a continuation of maternal developmental programs in
young sporophytes. Supporting the latter interpretation, 13
of previously classified antheridia enriched genes (Figure 5C)
including MpBELL4, MpTRIHELIX16, MpR2R3-MYB3, 6 and
13, MpGRAS7 and MpDEL2 were also detected as upregulated
in 13-day sporophytes (Supplementary Figure S6B). MpBELL4
is the only TF exclusively upregulated in antheridia and
13-day sporophytes in our analysis (Supplementary Table S2).
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FIGURE 6 | Co-expression matrix of regulatory genes in M. polymorpha (A) Heatmap of Pearson coefficient matrix of all annotated M. polymorpha TFs, MIR
precursors and putative hormone response and synthesis pathway genes (Supplementary Table S15) in 11 tissue libraries using RPKM values > 5. Co-expression
groups were delimited by sets of genes sharing coefficients above 0.8. Genes putatively involved in auxin biosynthesis, perception, signaling and transport are
mapped. (B) Distance dendrogram of tissue libraries used in the analysis. Average replicate RPKM values were used per library. Scale for heatmap indicates Pearson
coefficients.

Finally, MpBELL5 is upregulated in archegoniophores, antheridia
(incomplete transcript) and 13-day sporophytes (Supplementary
Table S2).

There are additionally seven genes uniquely upregulated in
13-day sporophytes (Figure 2B), these include: MpWRKY4
(Mapoly0031s0170), MpASLBD19 (Mapoly0817s0001),
MpAP2L5 (Mapoly0144s0032), among others (Supplementary
Table S2). Orthologs of sporophyte-enriched Physcomitrella
genes (Ortiz-Ramírez et al., 2016) include (Supplementary
Table S2) the class II TCP TF MpTCP2 (Mapoly0001s0298,
logFC = 11.89 and logCPM = 5.02), MpREM4, MpABI3B
(Mapoly0474s0001, logFC = 8.29 and logCPM = 3.72) and the
SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE MpSPL1
(Mapoly0014s0224, logFC = 1.44 and logCPM = 6.92). These
genes are upregulated in other tissues and only MpREM4 seems
to be sporophyte-specific (Supplementary Table S2).

Apical Cell
We used the microdissected putative apical cell libraries as
controls for the sporophyte DGE analysis (Frank and Scanlon,
2015). This potentially shows that down-regulated genes
in sporophytes are upregulated in apical cells (Figure 5D).
To try to refine this comparison we discarded genes that
were robustly (logFC > 1) upregulated in other tissues

(Supplementary Figure S7 and Supplementary Table S14). This
resulted in 8 TFs exclusively enriched at logFC > 1 in apical cells.
These included a GARP TF MpGARP2/ENO (Mapoly0157s0009,
logFC = 5.87 and logCPM = 3.79) belonging to a lineage sister to
KANADI genes (Bowman et al., 2017), the B3-domain MpARF2
auxin signaling transcriptional repressor (Mapoly0011s0167,
logFC = 2.2 and logCPM = 7.48), the single member of the basal
SCGJ bZIP group MpbZIP15 (Mapoly0737s0001, logFC = 2.13
and logCPM = 6.58) and 5 other genes (Supplementary
Table S4). Outside this group, the highest expressed TF in the
apical cell RNA is MpGRAS4 (Mapoly0031s0041, logFC = 4.97
and logCPM = 6.32), an ortholog of LATERAL SUPRESSOR
involved in axillary meristem establishment in Arabidopsis (Greb
et al., 2003). MpGRAS4 however, is strongly upregulated in 24 h-
sporelings (logFC = 3.26 and logCPM = 3.24), 48 h-sporelings
(logFC = 1.18) and weakly in antheridiophores (logFC = 0.89).
MpANT is robustly enriched in apical cell tissue (logFC = 3.55
and logCPM = 8.21) but also in 96 h sporelings (Figure 2A).
Four genes were exclusively upregulated in apical cells and
24 h-sporelings at logFC > 1: MpbHLH39 (Mapoly0073s0059,
logFC = 3.48 and logCPM = 7.27), MpbHLH41, the type-
B RESPONSE REGULATOR MpRR-B (Mapoly0101s0006)
and MpWRKY9 (Mapoly0051s0057). Finally, MpWRKY10
(Mapoly0057s0012, logFC = 5.25 and logCPM = 4.32) is
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upregulated exclusively in apical cells and antheridiophores
(Supplementary Table S2).

Marchantia Regulatory Genes Are
Organized in Co-expression Groups
In order to predict functional roles of clusters of TFs sharing
similar expression dynamics, we created a co-expression matrix
comparing averages of normalized reads per kilobase per million
(RPKMs) across 11 different tissues. Pearson coefficients were
calculated for each of the annotated Marchantia TFs, microRNA
(miR) precursors as well as hormone biosynthetic and signaling
genes. Two stages of sporeling development (48 and 96 h),
multiple thallus RNAs, archegoniophores, antheridiophores,
antheridia and older sporophytes (JGI) were used in this
analysis. Using a minimal RPKM value of 5 as a threshold,
a Pearson coefficient heatmap (Figure 6A) suggests at least
9 highly correlated groups, some of which show a greater
degree of correlation than others. A distance dendrogram
(RPKM < 1) supported the occurrence of multiple groups
(Supplementary Figure S8) and we focused on describing nine
of the most conspicuous in basis of their tissue-specificity or
putative functional relationships (Supplementary Figure S9).
The antheridia (group 1) and sporophyte-enriched genes (group
3) combined comprise ∼1/2 of the total sample. This is in
agreement with these tissues being the most divergent in terms
of form and physiology.

Group 1 defined by MpBELL4 partners (Pearson > 0.8,
average coefficient = 0.91) composed of 47 TFs includes
MpTRIHELIX16, MpKNOX1A, MpKNOX1B, MpRWP2/MID,
Mp1R-MYB22, MpPIN2, MpLFY, MpGRAS7 among others
(Supplementary Figure S9A). A diffuse group (group 2)
includes 9 partners of MpARF3 (Pearson > 0.8, average
coefficient = 0.85), many of which were classified as reproductive
transition genes, such as, MpSPL1-3, MpbZIP8, MpbHLH17 and
48, MpRR-B, MpC3HDZ, among others (Supplementary Figure
S9B). Sporophytic genes (group 3) can be divided between
those enriched or specific to the sporophyte. The MpBELL1
subgroup (Pearson > 0.8 and average coefficient = 0.94) is
composed of 96 genes including MpREM1 and 4, MpKNOX2,
MpYUC1, MpPYL2-4, Mp1R-MYB5,6,19 and 21; Mp3R-MYB2,4-
9; MpbHLH8, 9, 11, 18, 22, 25, 34-37 and 51; MpASLBD1,-5, 8,
9, 11, 13-16, 19 and 21, most of which are exclusive to the mature
sporophyte (Supplementary Figure S9C). Meanwhile, the
MpNCIAA subgroup (Pearson > 0.8, average coefficient = 0.84)
is composed of 25 genes including MpTAA, MpERF17,
MpGRAS2, MpLUX, MpPHR2, MpACS2, MpMIR319a,
MpIDDL1-2, MpASLBD2 and others that fit in the first
category (Supplementary Figure S9D). A diffuse group 4.1
(Pearson > 0.8, average coefficient = 0.88) includes six partners
of MpbHLH14/MpRSL (Supplementary Figure S9E), which has
been shown to promote epidermal outgrowths (Proust et al.,
2016). Members of this group include MpNAC4, MpGRAS8, and
MpMIR11671 a negative regulator of MpSPL1 (Tsuzuki et al.,
2015; Lin et al., 2016). Group 4.1 is expressed maximally in 48 h.
sporelings and steadily decreases at later stages (Supplementary
Figure S9E). Similar to group 4.1, MpGLD forms a subgroup

4.2 (Pearson > 0.8, average coefficient = 0.91) with five other
genes including MpC2H2-9, MpbHLH32, 41, and MpRR-MYB5
that follows a similar decrease in expression pattern albeit with
higher expression in the thallus (Supplementary Figure S9F).
Group 5 is defined by MpTOC1 partners (Pearson > 0.8,
average coefficient = 0.81), composed of 12 TFs including
MpbHLH6/MpPIF, the Type-A RESPONSE REGULATOR
MpRR-A, MpBBX5, MpWIP, MpETR1, MpERF10, MpGRAS9
among others, possibly reflecting a light signaling/circadian
clock module (Inoue et al., 2016; Linde et al., 2017). Group
5 has peaks in thalli with excised apical notches (0 h) and
heat-shocked thalli (Supplementary Figure S9G). MpKAN
and its partners overlap with most of group 5 (Pearson > 0.8,
average coefficient = 0.86) but form a larger group with 42
other members that include MpWRKY8 and 11, MpbHLH15,
23, 27 and 31, MpHSR, and auxin-related genes (which will
be discussed in the following paragraph) at the ∼20th rank.
The MpKANADI group has its average highest expression
only at 0-h cut thalli with excised apical notches suggesting
a role in differentiated tissues (Supplementary Figure S9H).
Group 6 (Supplementary Figure S9I) comprises 10 genes
highly expressed in regenerating thalli (after 24 h of apical
notch excision) and includes partners of the apical-cell enriched
MpGRAS4 (Pearson > 0.8. average coefficient = 0.85). Other
partners include MpR2R3-MYB5 and 20, MpERF20, MpbHLH4,
MpGRAS6/DELLA and MpLOG. Given their expression
context it is likely that this group regulates certain aspects of
thalloid totipotency/regeneration. Group 7 genes are MpSPL2
partners (Pearson > 0.8, coefficient average = 0.88) that overlap
considerably with the MpARF3 group, it also includes novel
genes such as MpAThook1, MpPIN3, MpMIR11697 which
targets MpYUC2 (Lin et al., 2016), MpPLINC and MpGRAS12
(Supplementary Figure S9J). Group 8 (Pearson > 0.8 and
coefficient average = 0.87) is defined by partners of MpNAC8
and includes 16 putative female enriched TFs (Supplementary
Figure S9K) such as MpKNOX1, MpBPC1, MpTRIHELIX28
and 39, MpPIN3, and MpGRAS12. Group 8 has overlaps with
group 2/7 members such as MpSPL2, MpABI3B, MpMIR11697
and it includes MpR2R3-MYB1 a reproductive transition
gene with highest expression in females (Supplementary
Figure S9K).

Surprisingly, most auxin-related genes formed a large co-
expression group (group 9) of 32 TFs (Pearson > 0.8,
average coefficient = 0.87, Figure 6). Group 9 is defined
by partners of the class A ARF, MpARF1 (Supplementary
Figure S9L), a TF regulating physiological and transcriptional
auxin responses, gemmae development and gemmae dormancy
(Kato et al., 2017). Additional members include the class B
ARF, MpARF2 (Supplementary Figure S10), which has been
identified as a transcriptional repressor (Kato et al., 2015), the
auxin signaling repressor MpIAA (Flores-Sandoval et al., 2015;
Kato et al., 2015), the NON-CANONICAL ARF MpNCARF
(Mutte et al., 2018), MpYUC2 an auxin biosynthetic gene
(Eklund et al., 2015), MpPIN1 a putative intercellular auxin
exporter (Bowman et al., 2017), MpAUX/LAX an intercellular
auxin importer (Bowman et al., 2017), MpC2HDZ an auxin
responsive gene (Mutte et al., 2018), and MpSHI a putative
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YUC2 activator (Eklund et al., 2010), as well as additional TFs
involved in sporeling patterning such as MpGRF and MpANT.
A cluster of bHLH genes including MpbHLH10, 42, 43, 45,
47, and 48 are all members of this group. In agreement with
recent works (Flores-Sandoval et al., 2018; Mutte et al., 2018)
MpARF3 is not co-expressed with any member of the auxin
group except for MpNCARF (Pearson = 0.78). A third set of
putative auxin related genes showing independent co-expression
dynamics includes the putative auxin receptor MpTIR1 as well
as NON-CANONICAL IAA MpNCIAA, which are associated
with sporophytic genes (Supplementary Figure S9D). The dn-
OPDA receptor in Marchantia MpCOI (Monte et al., 2018),
is co-expressed with MpARF1 (Pearson = 0.88). MpTAA the
major catalyst of Tryptophan into IPA, a precursor of auxin
in M. polymorpha (Eklund et al., 2015) is also preferentially
expressed in older sporophytes grouping with the sporophyte-
specific MpYUC1 (Pearson = 0.91, Figure 6 and Supplementary
Figure 9D).

Testing Co-expression Group
Robustness in Thalloid Haploid Tissues
To examine co-expression group robustness and mitigate
the biasing effects elicited by the non-thalloid sporelings,
antheridia, and diploid sporophytic tissues, we generated a co-
expression matrix without these three groups (Supplementary
Figure S11). In this matrix, MpARF1 forms a co-expression
group with MpGRF, MpMADS2, MpCOI, and MIR11707,
an amiR targeting MpAGO1 (Tsuzuki et al., 2015; Lin et al.,
2016), that remains correlated with the auxin group. As
expected, the auxin group now includes MpTAA and MpNCIAA
but excludes MpNCARF and MpAUX/LAX. The biggest co-
expression groups in this matrix are formed by reproductive
genes or antheridiophore-specific genes (Supplementary
Figure S11). Within the reproductive group, former groups 2
and 7 have merged to include MpARF3, MpSPL1-3, MpC3HDZ,
MpCAMTA, MpNCARF, and MpTPL, which was previously
associated with antheridia. MpAUX/LAX is grouped with the
light signaling group, which has gained MpLUX, formerly
associated with sporophytes. MpWIP, MpKAN, and MpRR-
A form their own group, which has overlap with the auxin
group.

Co-expression Groups Are Dynamic at
the Earliest Stages of Development
To examine how co-expression groups form at the earliest
developmental transitions, we generated a matrix exclusive
to sporeling RNA libraries. Multiple sporeling co-expression
groups are formed that have different affinities with general co-
expression groups (Supplementary Figures S2, S3, S5, S12).
Auxin-related genes in particular show independent expression
patterns prior to their clustering in later developmental stages.
For example, the auxin signaling repressor MpIAA forms a well-
supported group (Pearson > 0.9) with genes that putatively
promote cell proliferation such as the class I TCP gene MpTCP1
(Martín-Trillo and Cubas, 2010; Davière et al., 2014), and the day
1 sporeling-enriched TF MpGRF (Supplementary Figure S2).

Additional genes in this group include MpC4HDZ, MpBBX3
and 5, MpGRAS8, MpDOF1 (Pearson > 0.9). MpGRAS4
is also correlated with GRF/TCP1, although more distantly
(Pearson > 0.8). In sporelings, MpARF1 and MpARF2 form
a well-supported group (Pearson = 0.93) with MpARF1
more closely sharing expression with MpMIR11707/MIRAGO1
(Pearson = 0.99), similar to what is observed in the thallus.
MpRAV, MpbHLH48, MpANT, MpR2R3-MYB17, MpbHLH10,
21, 23 MpWIP and MpLOG are all co-expressed genes in this
group (Pearson > 0.9). MpYUC2, MpNCIAA, and MpTIR form
separate groups from each other and independent from the
MpARF1/2 group. With MpTIR and MpNCIAA moderately
close to each other (Pearson > 0.75). The largest co-expression
group in sporelings consist of genes with high expression in 0-h
sporelings. Genes included in this group are MpARF3, MpTAA,
MpPIN1, MpSPL2, MpWOX, MpC3HDZ, MpVAL among
others. Finally MpNCARF is in another group clustering with
MpHMGbox3, MpRR-MYB6, MpHD2/SAWADEE, MpPIN4, and
MpIPT1 (Pearson > 0.9).

The Auxin Co-expression Group Is
Expressed Independently of the Single
Marchantia Class C ARF and NCIAA
To validate a putative auxin co-expression group we performed
a co-expression analysis of most PB1-containing genes
(MpARF1-3, MpIAA, MpNCARF, and MpNCIAA) against
all annotated M. polymorpha genes (Figure 7). Enrichment
analysis (Fisher’s exact test) was used to compare co-expression
groups (Pearson > 0.8 and P < 0.001) with the multiple datasets
obtained from our DGE analysis (Figure 2, P < 0.01, logFC > 0).
The MpARF1, MpARF2, MpIAA, and MpNCARF co-expression
groups were significantly composed of auxin-induced genes
(Mutte et al., 2018) as well as apical cell-enriched transcripts
(Figure 7A). Consistent with the TF co-expression matrix, the
MpARF3 and MpNCIAA groups are not enriched in auxin-
induced transcripts. TFs shared between the MpARF1 and
MpARF2 groups and the Mutte et al. (2018) auxin-treated
upregulated genes (Figure 7B) are MpC2HDZ, MpR2R3-
MYB8, MpbHLH45, MpbHLH43/MpLRL, and MpbHLH42. The
MpARF1, MpARF2, and MpIAA groups were also enriched
in 96-h sporeling transcripts, particularly the MpARF2
group (Figure 7A). All groups had significant overlap with
archegoniophore transcripts, except MpIAA. Only the MpARF3
and MpNCARF groups were enriched with reproductive
transition genes (Figure 7A). Finally, the MpNCIAA group
was significantly composed of dormant spores (Supplementary
Table S3) and 13-day sporophyte enriched genes (Figure 7A).
UpSet diagrams (Supplementary Figure S13) corroborated
these observations with MpNCIAA having the largest unique
co-expression group (588 genes exclusive to NCIAA), followed
by MpARF3 (N = 138), MpNCARF (N = 120), MpIAA (N = 83),
MpARF1 (N = 58), and finally MpARF2 (N = 14). The most
correlated groups were MpARF1, MpARF2, MpNCARF, and
MpIAA with 123 genes exclusively shared between them,
followed by MpARF1, MpARF2, and MpIAA (66 exclusively
shared genes) and MpARF1, MpARF2, and MpNCARF (51
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FIGURE 7 | Auxin-related genes belong to a common co-expression network in M. polymorpha and other embryophytes. (A) Enrichment analysis heat map
interrogating MpARF1-3, MpIAA, MpNCARF, and MpNCIAA co-expression groups with tissue-enriched transcriptomes identified in our DGE analysis. High −log10

P-values are shown in red and are equivalent to highly supported enrichment P-values. For the comparison with the auxin induced transcriptome white asterisks
indicate P < 0.01. (B) TFs shared between the MpARF1 and MpARF2 co-expression groups and auxin-induced TFs in M. polymorpha (above) and P. patens
(below). The total number of shared genes (or orthologs) is indicated below. (C) Enrichment analysis of all putative auxin-related co-expression groups against
auxin-induced genes in M. polymorpha, and uxin-induced orthologs in P. patens and A. thaliana.

exclusively shared genes). No gene was shared across all groups,
with only 21 genes shared between MpARF1-3, MpNCARF and
MpIAA. Finally, MpARF3 and MpNCARF co-expression groups
shared exclusively 25 genes (Figure 7A).

Consistent with these results, the MpARF1, MpARF2,
MpNCARF, and MpIAA groups share six GO-terms by biological
process (Supplementary Figure S14A) and four GO-terms
(biological process) are shared between MpARF1, MpARF2 and
MpIAA. In contrast, the MpARF3 group showed 12 specific GO-
terms (Supplementary Figure S14B) while the MpNCIAA group
had 11 specific GO-terms by biological process (Supplementary
Figure S14C).

The Auxin Co-expression Group Is
Conserved in Bryophytes
To further test the robustness of auxin-related co-expression
groups, we compared them with differentially expressed genes
(up and down-regulated) in auxin-treated M. polymorpha

thalli (Mutte et al., 2018), P. patens protonemal tissue (Lavy
et al., 2016) and Arabidopsis root tissue (Omelyanchuk et al.,
2017) using enrichment analysis. The co-expression groups of
MpARF1, MpARF2, MpNCARF, MpIAA, MpYUC2, MpGH3A,
MpPIN1, MpSAUR1, MpILR1, MpPILS3, MpC2HDZ, MpANT,
MpbHLH10, MpbHLH42, MpbHLH47, MpbHLH43/MpLRL,
and MpSHI showed significant similarity (P < 0.01, Fisher’s
exact-test) with DEGs in auxin-treated Marchantia plants
(Figure 7C). Meanwhile, the MpIAA, MpABCB2, MpANT,
MpbHLH10, MpbHLH42, MpbHLH47, MpbHLH43/MpLRL,
and MpSHI groups showed significant resemblance (P < 0.01)
to Physcomitrella auxin treated upregulation profiles, with
MpARF1, PIN1, MpGH3A, and MpILR groups overlapping
at P < 0.05 (Figure 7C). In contrast, only the MpSAUR11,
MpSAUR12, and MpIARF4A groups showed significant
enrichment with auxin-treated Arabidopsis plants orthologs.
This suggests a conservation of auxin co-expression
groups across bryophytes, although the only TFs shared
between the MpARF1 and MpARF2 co-expression groups
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FIGURE 8 | The MpARF3/MpMIR160 module controls reproductive transitions in M. polymorpha. (A) Differentially expressed TFs in Mparf3 and Mpmir160
transcriptomes fall into four categories depending on logFC between wild-type and mutant reads. Results are shown for the edgeR pipeline with a P < 0.01 cut-off.
Genes in blue are consistent with MpmiR160-dependent repression of MpARF3. (B) Venn diagram showing overlap of genes upregulated in Mparf3 and Mpmir160
transcriptomes with genes whose expression is enriched or downregulated in archegoniophores. (C) Enrichment analysis (Fisher’s exact test) of genes activated
(category 1) or repressed (category 2) by MpARF3 against all differentially expressed genes obtained from previous analyses in Figure 2. Significant enrichment
values are shown in green. (D) Expression dynamics of MpARF3, MpSPL1, MpSPL2, MpMIR11671, and MpMIR529c using average RPKM values. Pearson
coefficients and associated P-values are shown in reference to MpARF3.

and the moss auxin-induced transcriptome are the class
A and B ARF orthologs themselves, ARFa8 and ARFb4
(Figure 7B).

Analysis of MpARF3 Gain and
Loss-of-Function Mutant Transcriptomes
Confirms Validity of Co-expression
Groups
We performed DGE analysis (edgeR and DESeq2) in previously
isolated Mparf3/Mpmir160 CRISPR mutants (Flores-Sandoval
et al., 2018) to test whether: (1) loss of MpARF3 disrupts
the auxin co-expression group, (2) genes co-expressed with
MpARF3 are altered in mutant alleles, and (3) Mparf3 or
Mpmir160 transcriptomes could facilitate identification of genes
responsible for developmental aspects of their respective mutant
phenotypes. The edgeR analysis identified 2874 differentially
expressed genes in Mparf3 compared to the wild type (P < 0.01,
1524 upregulated). Similarly, 2864 differentially expressed genes
were identified in comparisons of MpmiR160 mutants with

the wild type (P < 0.01, 1572 upregulated). To filter out
steady-state false positives and highlight genes dependent on
MpARF3 activity, we searched for genes with converse behaviors
in the Mparf3 and Mpmir160 transcriptomes. Genes down-
regulated in Mparf3 and upregulated in MpmiR160 mutants
were considered to be activated, either directly or indirectly,
by MpARF3 (Category 1, N = 112; Supplementary Table S18).
Conversely, genes upregulated in Mparf3 and down-regulated in
Mpmir160 mutants were considered repressed, either directly or
indirectly, by MpARF3 (Category 2, N = 115; Supplementary
Table S19). Strikingly, genes with similar dynamics, i.e.,
upregulated (Category 3, N = 501; Supplementary Table S20)
or down-regulated (Category 4, N = 470; Supplementary
Table S21) in both mutants were ∼4× more abundant,
suggesting a large cohort of genes affected by secondary feedback
effects independent of the MpmiR160/MpARF3 regulatory
module (Figure 8A). The most prevalent protein family found
in Category 1 was peroxidases (PF00141, Supplementary
Table S22), while Category 2 had an abundance of FB_lectins
(PF07367, Supplementary Table S23), four of which were in
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FIGURE 9 | Model for MpARF3 dependent regulation of reproductive phase changes in M. polymorpha. (A) Putative regulatory relationships between MpARF3 and
MpSPL1-2 as supported by RNA-Seq data. Relationships supported by two (edgeR and DESeq2) or one statistical analyses (DESeq2) are indicated. Reproductive
phase change roles are attributed to M. polymorpha SPL genes given their common enrichment in gametangiophores. (B) Average log10RPKM values (biological
triplicates) for MpSPL1, MpSPL2, MpMIR11671, and MpMIR529c in our experimental conditions. The average RPKM value for all mapped genes (N = 16520) per
library is ∼30. Error bars show SD.

tandem arrays in scaffold 118 and with high resemblance to
fungal lectin genes (Bowman et al., 2017).

Although no TFs were identified as activated by MpARF3
(Category 1), two miR precursors fell into this category,
with MpMIR160 (Mapoly0002s0211) and MpMIR11671
(Mapoly0239s0004) supported by both edgeR and DEseq2
analyses (Figure 8A). Meanwhile, a third miR precursor,
MpMIR529c (Mapoly0006s0020) was also identified as activated
by MpARF3 using DESeq2 (Supplementary Figure S14D). We
had previously suggested that MpARF3 forms a negative feedback
loop with MpmiR160 to control both developmental transitions
and differentiation vs. totipotency in a context-dependent
fashion (Flores-Sandoval et al., 2018).

The other two miRs identified in our analysis target
SPL transcripts (Tsuzuki et al., 2015; Lin et al., 2016),
with MpmiR11671 targeting MpSPL1 (Mapoly0014s0224,
orthologous to SPL8 of Arabidopsis) and MpmiR529c targeting
MpSPL2 (Mapoly0014s0223, orthologous to SPL3-5 of
Arabidopsis). Consistent with these results, both MpSPL1
and MpSPL2 appeared as category 2 genes (i.e., repressed by
MpARF3) using both edgeR and DEseq2, and supported by
protein family GO-terms (P = 0.0006924). Additional TFs
identified as downregulated by MpARF3 included MpTCP2
(Mapoly0001s0298), a FEZ-like NAC domain ortholog MpNAC6
(Mapoly0175s0015), the class Ia ASL1 gene MpASLBD2
(Mapoly0008s0060), and MpR2R3-MYB1 (Mapoly0001s0061).
MpR2R3-MYB1 was most dramatically downregulated in
Mpmir160 alleles (logFC =−7, Figure 8A).

Three of the downregulated TFs (MpSPL1, 2 and MpR2R3-
MYB1) as well as MpARF3 itself were classified as reproductive
genes in our wild-type DGE analysis (Figure 5). Furthermore,
we had previously characterized MpARF3 as an antagonist
of reproductive transitions, with Mpmir160 alleles insensitive
to gamentangiophore-inducing far-red light treatment and
Mparf3 alleles as hypersensitive to far-red light treatment
(forming more gametangiophores per area than wild type;
Flores-Sandoval et al., 2018). We therefore measured the
overlap between genes enriched in gametangiophores (either
male or female) and the Mparf3 or MpmiR160 mutants.
A significant number of genes (N = 304, P = 1.5 × 10−82,
Hypergeometric test) were upregulated in both Mparf3 mutants
and wild-type archegoniophores (Figure 8B). Consistently, a
significant number of genes were upregulated in MpmiR160
mutants and downregulated in archegoniophores (N = 307,
P = 3.7 × 10−52, Hypergeometric test). Enrichment analysis
(Fisher’s exact test) using the datasets obtained in our DGE
analysis (edgeR, P < 0.01) show that overall transcripts activated
by MpARF3 (category 1) are similar to those downregulated in
wild type gametangiophores (P < 0.01, Figure 8C). Conversely,
transcripts repressed by MpARF3 (category 2) are significantly
upregulated in wild type gametangiophores, in particular the
subset of reproductive transition genes and not the female
or male-enriched genes (Figure 8C). Additionally, 13-day
sporophytes also have transcripts that seem to be controlled
by MpARF3 although with an ambiguous trend unlike that
observed for reproductive tissues. Although some auxin-related
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or auxin-induced genes were differentially expressed in Mparf3
transcriptomes (Flores-Sandoval et al., 2018), not a single auxin-
induced gene had converse expression patterns in the Mparf3 and
Mpmir160 transcriptomes (Figure 8A). Finally, the expression
dynamics of the candidate TF/MIR pairs shows that MpARF3,
MpSPL1 and 2 expression patterns are positively correlated
with peaks of expression in gametangiophores (Figure 8D),
while the MpMIR11671 and MpMIR529c precursors are
negatively correlated with MpARF3 and show down-regulation
in gametangiophores. Thus, an inverse relationship exists
between MpARF3 activity and expression of the MpSPL1-
2/MpMIR529c/MpMIR11671 modules in M. polymorpha
(Figures 8D, 9B).

DISCUSSION

This study provides a first attempt at characterizing DGE
patterns and co-expression groups throughout the life cycle of
M. polymorpha (Figure 1). Given their hierarchal regulatory
character, TFs were chosen as a proxy for the thousands of
genes differentially expressed between cell and tissue types. DGE
analysis reveals that only a minority of TFs show dramatic fold-
changes between developmental transitions in M. polymorpha.
However, this figure is qualified by the limited number of tissues
and environmental conditions sampled in our analysis (Figure 2).
These differentially expressed TFs are candidates for functional
analysis to assess whether they determine cell identity or broader
processes required for tissue patterning, i.e., meiosis, cell division,
expansion, stress-responses.

The relatively small number of annotated TFs (∼400) in
M. polymorpha (Bowman et al., 2017) facilitated construction
of a co-expression matrix using 11 tissues, including sporelings,
thallus, gametangiophores, antheridia and sporophytes. This
matrix resolved multiple discrete groups with variable levels
of overlap and putative interactions (Figure 6). As expected,
some groups correspond to tissue-specific TF enrichment
(e.g., sporophytes, antheridia, archegoniophores or regenerating
tissue). Surprisingly, a second kind of group that did not
show enrichment in any one type of library (Supplementary
Figures S9E,G,I,L) was also identified. These groups include the
partners of MpARF1 or MpTOC1, which are involved in auxin
and light/circadian responses, respectively. Members of these
co-expression groups were differentially expressed in multiple
stages but did not change dramatically across our pair-wise
comparisons, likely due to lack of inductive environmental
conditions or because they are under tight regulatory feedbacks.
Thus, our data suggests developmental transitions are also
defined by the additive influence of multiple members of a
co-expression group.

TF Functions Predicted by Our Analysis
Totipotency
A set of TFs that could represent regulating factors controlling
aspects of totipotency include the LAS ortholog MpGRAS4,
MpANT, and MpARF2. MpGRAS4 is enriched in the apical
cell and both 24 and 48 h sporelings. It is further nested

in a co-expression group enriched in 24-h regenerating
tissue following wounding (Supplementary Figure S9F). Thus,
MpGRAS4 is expressed in tissues united by active cell
proliferation. Second, the ANT/PLT/BBM ortholog, MpANT, is
enriched exclusively in apical cells and 96 h sporelings, raising
the possibility that its action is downstream of MpGRAS4.
MpANT is also co-expressed in the auxin cluster (Supplementary
Figure S10), suggesting that it may be auxin-inducible, as
occurs in angiosperm model systems (Galinha et al., 2007;
Ding and Friml, 2010). Consistent with this scenario, MpARF2
is also an apical-cell enriched gene whose expression steadily
increases from 72-h sporelings (in parallel with MpARF1,
Supplementary Figure S4A). It is plausible, given that MpARF1
and MpARF2 act as respective activators or repressors of
transcription (Kato et al., 2015), that antagonism between
MpARF1 and MpARF2 at 72 h stabilizes MpANT expression
in 96 h sporelings, subsequently forming a co-expression group
throughout development. Given that LAS has key roles specifying
axillary meristems in angiosperms, and that ANT/PLT/BBM
orthologs act in meristems in both angiosperms (Aida et al.,
2004) and mosses (Aoyama et al., 2012), there might be more
overlap between haploid and diploid meristems than previously
acknowledged (Frank and Scanlon, 2015).

Cell Proliferation and Auxin
Additional genes may play a role in cellular processes
that contribute to, but do not specify, meristematic tissues.
For example, a cluster represented by the 24-h sporelings
involving MpTCP1, MpGRF, MpC4HDZ and MpIAA genes
could represent a cell proliferation group. MpGRF in particular
is highly expressed in the first day of sporeling germination,
but it is also co-expressed with auxin-related genes throughout
the life cycle (Figure 6A and Supplementary Figure S11).
Auxin signaling in 24-h sporelings may be constrained by the
presence of the known MpIAA auxin signaling repressor (Flores-
Sandoval et al., 2015; Kato et al., 2015). Given that key aspects of
auxin physiology in M. polymorpha involve organ differentiation
(Eklund et al., 2015; Flores-Sandoval et al., 2015; Kato et al.,
2015), it is tempting to speculate that there may be an antagonism
between auxin-dependent differentiation and cell proliferation
elicited by MpGRF and other TFs in M. polymorpha.

Differentiation Factors
An auxin-inducible gene (Mutte et al., 2018) characterized in
M. polymorpha is the IDDL-like Zinc Finger MpWIP TF, which
is essential for air pore differentiation (Jones and Dolan, 2017).
Consistently, MpWIP is upregulated in 96-h sporelings at the
time of photosynthetic tissue proliferation (Supplementary
Figure S5). MpWIP is co-expressed (Supplementary
Figure S9H) with the GARP TF MpKAN, whose orthologs
influence organ polarity in angiosperms (Eshed et al., 2001).
MpKAN and its co-expression partner MpWRKY8 are in turn
clearly enriched in 0-h cut thalli that lack apical notches and
haven’t initiated regeneration. One hypothesis is that members
of this group may regulate key aspects of differentiation possibly
downstream of auxin and light signaling, given their overlap
in expression patterns (MpKAN and MpARF1 have a Pearson
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coefficient of 0.76, while MpPIF and MpKAN have a coefficient
of 0.8).

Reproductive Genes in Marchantia
Comparisons between gametangiophore datasets facilitated
distinctions between reproductive transition TFs (enriched
in both sexes) vs. female or male-enriched TFs. MpBNB
served as a marker to validate this group given its role in
promoting formation of gametangiophores irrespective of sex
(Yamaoka et al., 2018). A co-expression group including MpSPL1,
MpSPL2, MpC3HDZIP, MpABI3B, MpARF3, among others
correlates with the vegetative to reproductive transition and
is supported by mutant transcriptomes (see below section).
Interestingly, auxin-repressed genes are significantly represented
in archegoniophore and antheridiophore-enriched transcripts
(Supplementary Figure S4B), suggesting a repressor(s) of auxin
signaling is a member of the reproductive transition group. Male-
enriched TFs were refined by the presence of antheridia libraries,
which suggest a robust set of male gamete-enriched TFs and these
have been extensively described in previous studies (Higo et al.,
2016). MpRWP2/MpMID could provide an interesting candidate
for an antheridia specific factor given that its orthologs specify
minus gametes in green algae (Ferris and Goodenough, 1997).

Extended Parental to Zygotic Transition in
M. polymorpha
The identification of female and antheridia-enriched TFs allowed
comparisons with upregulated TFs in 13-day sporophytes,
consisting of ∼10 cells and at which point sporogenous
tissue differentiation has not commenced (Frank and Scanlon,
2015). Female-enriched TFs shared with young sporophytes
include members of 10 TF families. Male-enriched TFs shared
with young sporophytes involve members of 7 TF families,
although MpBELL4 is the only identified TF exclusively
upregulated in antheridia and young sporophytes (Figure 2B).
Enrichment analysis (Supplementary Figure S6) suggests
that only archegoniophore-enriched genes are significantly
represented in 13-day sporophyte transcriptomes. Thus, the
possibility of RNA contamination from maternal tissues still
remains as a plausible explanation to this phenomenon.

Class C ARF and MpNCIAA Genes Are
Independent of Other Auxin Related
Genes
The discovery of a putative auxin co-expression group among
transcription factors (Figure 6) coincides with a similar PIN1-
related co-expression group observed in moss (Ruprecht et al.,
2017b), suggesting an ancestral origin for the auxin co-
expression network in land plants. The robustness of the auxin
TF co-expression group was tested using whole-genome co-
expression analysis for candidate genes and comparisons with the
only available auxin-inducible transcriptome in M. polymorpha
(Mutte et al., 2018). Enrichment analysis supports significant
overlap between MpARF1, MpARF2, MpIAA, MpNCARF,
MpYUC2, MpSAUR1, MpPIN1, MpGH3A, and MpILR1 co-
expression groups and the M. polymorpha auxin-upregulated

transcriptome (Figures 7A,C). Other TFs within the auxin co-
expression group but strictly not involved in auxin biosynthesis,
transport, conjugation or responses include MpANT, MpSHI,
MpbHLH10, 43, 45 and 47, MpMIR11707, MpR2R3-MYB8,
and MpC2HDZ (Figure 7C and Supplementary Figure S12).
They could represent upstream or downstream elements
regulating the module (Mutte et al., 2018) and are suitable
candidates for future characterization. Importantly, many of
these genes are also part of the auxin-inducible transcriptome
of Physcomitrella but not Arabidopsis (Figure 7C), suggesting
they were key components of the auxin co-expression network
in the ancient bryophyte ancestor. As MpbHLH43/LRL possibly
mediates ectopic rhizoid formation (Breuninger et al., 2016) in
response to exogenous auxin in M. polymorpha its association
was anticipated. Furthermore, 5 of the 14 TFs induced by
auxin (Supplementary Table S24) in M. polymorpha are
found within the MpARF1 and MpARF2 co-expression groups
(Figure 7B). Notably, the class C ARF, MpARF3, a gene that
is not necessary for physiological and transcriptional auxin
responses (Flores-Sandoval et al., 2018; Mutte et al., 2018),
forms part of an independent co-expression group highly
active in reproductive structures (Figure 8 and Supplementary
Figure S9). However, MpARF3 still shares members with
MpNCARF (72 genes), MpARF1/MpARF2/MpNCARF/MpIAA
(21 genes) and MpNCIAA (9 genes, Supplementary Figure S13)
co-expression groups. The significance of this connectivity was
tested (Supplementary Table S25), providing ways in which
MpARF3 competes for MpARF1 and MpARF2 targets in an
auxin-independent manner. Importantly, the MpARF3 and
MpNCARF co-expression groups are enriched in reproductive
transition genes (Figure 7A), opening the possibility of
interaction at this developmental stage. MpNCIAA is another
PBI-containing factor that forms an independent group with
sporophyte-enriched transcripts (Figure 7 and Supplementary
Figure S9) and is also not essential for transcriptional auxin
responses (Mutte et al., 2018). Consistent with their auxin
independence, both class C ARFs and NCIAAs evolved before the
origin the canonical auxin-signaling pathway (and land plants),
and thus they may act in independent regulatory networks.
The putative roles of NCIAA genes in patterning sporophytic
development are of interest although these genes are also
expressed in haploid tissues in M. polymorpha.

RNA-Seq Data Supports the Role of
MpARF3 as an Inhibitor of Reproductive
Transitions
We have previously described MpARF3 as a repressor of
differentiation in multiple developmental contexts. For example,
Mparf3 mutants display developmental transition, defects,
such as ectopic differentiation of air pores, scales, pegged
rhizoids, and gametophores, and are deficient in forming
undifferentiated gemmalings (Flores-Sandoval et al., 2018; Mutte
et al., 2018). Meanwhile strong MpARF3 gain-of-function alleles
form undifferentiated calli whose cell identity resembles that
of young sporelings or prothalli (Flores-Sandoval et al., 2018).
Thus, we anticipated the transcriptome data should reflect
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aspects of these developmental defects. Using gain- and loss-of-
function MpARF3 transcriptomes, were able to discern secondary
feedback, treatment-dependent and steady state effects and thus
assign with more confidence genes genuinely dependent on
the MpMIR160/MpARF3 regulatory module (category 1 and 2
genes, Figure 8). Indeed, enrichment analysis demonstrated that
MpARF3 represses, directly or indirectly, genes that promote
reproductive transitions (Figure 8). Consistently, MpARF3
activates genes that inhibit production of, or at least are
downregulated in, sexual organs. We therefore propose the
hypothesis (Figure 9A) that MpARF3 inhibits the reproductive
transition in M. polymorpha via activation of the MpMIR11671
and MpMIR529c precursors, which in turn target MpSPL1 and
MpSPL2. This appears plausible, given the observed MpSPL1 and
MpSPL2 RPKM values in Mparf3/mir160 mutant backgrounds
(Figure 9B) and the roles of SPL genes in regulating heteroblastic
changes and specifically in promoting reproductive transitions
in angiosperms (Huijser and Schmid, 2011) and possibly mosses
(Cho et al., 2012).
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FIGURE S1 | (A) Frequency of log2FC values in pairwise comparisons performed
in this study. (B) UpSet diagram of upregulated genes (logFC), including all

curated TFs, in this study. Red asterisk indicates TFs not differentially expressed in
any DGE analysis comparison.

FIGURE S2 | Identification of co-expression groups of 24-h enriched TFs in
M. polymorpha sporelings. RPKM values are shown for all replicates from 0 to
96 h.

FIGURE S3 | Identification of co-expression groups of 48-h enriched TFs
M. polymorpha sporelings. RPKM values are shown for all replicates from 0 to
96 h.

FIGURE S4 | Auxin-signaling and biosynthetic gene expression during sporeling
development. (A) RPKM averages of MpARF1, MpARF2, MpARF3, MpIAA,
MpTAA, and MpYUC2 during the first four days of sporeling development. Error
bars indicate SD. Upregulation of MpARF1 and MpARF2 and downregulation of
MpIAA at 96 h are statistically supported. P-values marked are from edgeR
analysis. (B) Enrichment analysis of auxin upregulated and downregulated genes
probed against multiple developmental RNA-Seq libraries obtained from DGE
analysis. The tissue with the highest resemblance to the auxin-upregulated
transcriptome is 96-h sporelings.

FIGURE S5 | Identification of co-expression groups of 72 and 96-h enriched TFs
M. polymorpha sporelings. RPKM values are shown for all replicates from 0 to
96 h.

FIGURE S6 | Sporophytic gene expression in M. polymorpha. (A) Enrichment
analysis of 13-day and JGI manually dissected sporophytes shows significant
enrichment between the transcriptomes. Genes classified as female-enriched
(Supplementary Table S10) are also statistically represented in 13-day
sporophyte transcriptomes. (B) Venn Diagram of shared TFs between antheridia,
archegoniophore, 13-day and JGI sporophytes. Putative maternal, paternal and
common TFs continuing expression in 13-day sporophytes are annotated. The +
symbol indicates upregulation (logFC > 0).

FIGURE S7 | UpSet diagram of tissue-specific TF enrichment at logFC > 1. Red
asterisk shows eight uniquely upregulated TFs in apical cells at logFC > 1
compared to other tissues.

FIGURE S8 | Distance dendrogram generated with hclust (R Version 2.3.2) of all
annotated M. polymorpha TFs (Supplementary Table S1) in 11 tissue libraries
using RPKM > 1 as a threshold.

FIGURE S9 | RPKM dynamics of TF/response/biosynthetic genes obtained in our
analysis. Pearson coefficients above 0.8 were used to define the MpBELL4 (A),
MpARF3 (B), MpBELL1 (C), MpNCIAA (D), MpbHLH14/RSL (E), MpGRAS4 (F),
MpTOC1 (G), MpGARP1/KAN (H), MpGARP8/GLD (I), MpSPL2 (J), MpNAC8
(K), and MpARF1 (L) coxpression groups. Accompanying TFs are indicated at the
left of each graph.

FIGURE S10 | RPKM dynamics of the putative auxin co-expression group
genes.

FIGURE S11 | (A) Heatmap of Pearson coefficient matrix of all annotated
M. polymorpha TFs, MIR precursors and putative hormonal genes
(Supplementary Table S16) RPKM values above 0.75 (to include MpANT ) in
sporeling tissues. Putative groups were delimited by sets of genes sharing
coefficients above 0.8. Genes putatively involved in auxin biosynthesis, perception,
signaling and transport are mapped, together with accompanying partners in
smaller fonts. (B) Distance dendrogram of tissue libraries used in the analysis.
Average replicate RPKM values were used per library. Scale for heatmap indicates
Pearson coefficients.

FIGURE S12 | (A) Heatmap of Pearson coefficient matrix of all annotated
M. polymorpha TFs, MIR precursors and putative hormonal genes with RPMK
values above 5 (Supplementary Table S17) in thalli and gametangiophores.
Putative groups were delimited by sets of genes sharing coefficients above 0.8.
Genes putatively involved in auxin biosynthesis, perception, signaling and
transport are mapped, together with accompanying partners in smaller fonts. (B)
Distance dendrogram of tissue libraries used in the analysis. Average replicate
RPKM values were used per library. Scale for heatmap indicates Pearson
coefficients.

FIGURE S13 | (A) UpSet diagram showing shared co-expressed genes (cut-offs
indicated) between most PBI-containing genes in M. polymorpha.
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Numbers of genes exclusive or shared between groups are shown. Co-expression
analyses were performed for all expressed genes in our RPKM matrix.

FIGURE S14 | (A) Significant GO-terms (Biological Process) found in the
MpARF1, MpARF2, MpNCARF, and MpIAA co-expression groups. X-axis
indicates P-Values. (B) Significant GO-terms (Biological Process) found in the
MpARF3 co-expression group. X-axis indicates P-values. (C) Significant GO-terms
(Biological Process) found in the MpNCIAA co-expresion group. X-axis indicates
P-values. (D) TFs differentially expressed in Mparf3 and MpmiR160
transcriptomes using DESeq2 (P < 0.01 cut-off). Genes in blue are consistent with
MpmiR160-dependent repression of MpARF3.

TABLE S1 | TFs, MIRs and hormonal genes and accession numbers used in this
paper.

TABLE S2 | Shared upregulated genes between DEG analysis comparisons at
logFC > 0.

TABLE S3 | Differentially expressed TFs and genes in 24-h sporelings using
edgeR.

TABLE S4 | Differentially expressed TFs and genes in 48-h sporelings using
edgeR.

TABLE S5 | Differentially expressed TFs and genes in 72-h sporelings using
edgeR.

TABLE S6 | Differentially expressed TFs and genes in 96-h sporelings using
edgeR.

TABLE S7 | Differentially expressed TFs and genes in archegoniophores using
edgeR.

TABLE S8 | Differentially expressed TFs and genes in antheridiophores using
edgeR.

TABLE S9 | Differentially expressed TFs and genes shared in archegoniophores
and antheridiophores (reproductive TFs) using edgeR.

TABLE S10 | Archegoniophore-enriched TFs and genes using edgeR.

TABLE S11 | Antheridiophore-enriched TFs and genes using edgeR.

TABLE S12 | Differentially expressed TFs and genes in antheridia using edgeR.

TABLE S13 | Differentially expressed TFs and genes in 13-day sporophytes using
edgeR.

TABLE S14 | Shared upregulated genes between DEG analysis comparisons at
logFC > 1.

TABLE S15 | Pearson coefficient matrix of TFs for Figure 6.

TABLE S16 | Pearson coefficient matrix of TFs for Supplementary Figure S11.

TABLE S17 | Pearson coefficient matrix of TFs for Supplementary Figure S12.

TABLE S18 | Category 1 genes from Mparf3 (x) and Mpmir160 (y)
transcriptomes.

TABLE S19 | Category 2 genes from Mparf3 (x) and Mpmir160 (y)
transcriptomes.

TABLE S20 | Category 3 genes from Mparf3 (x) and Mpmir160 (y)
transcriptomes.

TABLE S21 | Category 4 genes from Mparf3 (x) and Mpmir160 (y) transcriptomes.

TABLE S22 | Go analysis (PF-terms) of Category 1 genes from Mparf3 (x) and
Mpmir160 (y) transcriptomes.

TABLE S23 | Go analysis (PF-terms) of Category 2 genes from Mparf3 (x) and
Mpmir160 (y) transcriptomes.

TABLE S24 | Differentially expressed TFs in auxin-induced tissue (1 h) from Mutte
et al. (2018) using edgeR.

TABLE S25 | Enrichment-analysis between MpARF1-3, MpIAA, MpNCARF, and
MpNCIAA co-expression groups, P-values are shown.
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Arbuscular mycorrhiza is one of the most common plant symbiotic interactions
observed today. Due to their nearly ubiquitous occurrence and their beneficial impact
on both partners it was suggested that this mutualistic interaction was crucial for
plants to colonize the terrestrial habitat approximately 500 Ma ago. On the plant
side the association is established via the common symbiotic pathway (CSP). This
pathway allows the recognition of the fungal symbiotic partner, subsequent signaling
to the nucleus, and initiation of the symbiotic program with respect to specific
gene expression and cellular re-organization. The downstream part of the CSP is a
regulatory network that coordinates the transcription of genes necessary to establish
the symbiosis, comprising multiple GRAS transcription factors (TFs). These regulate
their own expression as an intricate transcriptional network. Deduced from non-host
genome data the loss of genes encoding CSP components coincides with the loss
of the interaction itself. Here, we analyzed bryophyte species with special emphasis
on the moss Physcomitrella patens, supposed to be a non-host, for the composition
of the GRAS regulatory network components. We show lineage specific losses and
expansions of several of these factors in bryophytes, potentially coinciding with the
proposed host/non-host status of the lineages. We evaluate losses and expansions
and infer clade-specific evolution of GRAS TFs.

Keywords: bryophyte, land plant evolution, moss, mycorrhiza, Physcomitrella patens, symbiotic pathway, GRAS,
transcription factor

INTRODUCTION

Mycorrhiza is the most common plant–fungus symbiotic interaction we observe today. Over 80%
of all extant plant species engage in this symbiotic interaction (Bonfante and Genre, 2010) which
is beneficial to both partners (mutualistic). The plant provides the fungus with carbohydrates
and lipids, in turn the fungus provides the plant host with nutrients like nitrate and especially
phosphorus. Additionally, the fungal hyphae enlarge the rhizosphere area of the plant and seem
to improve plant stress tolerance (Bago et al., 2003; Liu et al., 2007; Feddermann et al., 2010;
Veresoglou et al., 2012). Several forms of mycorrhizal interactions exist, of which arbuscular
mycorrhiza (AM) is the most common one. It is called ‘arbuscular’ since the fungal hyphae grow
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into the plant cells forming a ‘tree-like’ structure called arbuscule.
In AM this structure represents the nutrient exchange zone
between plant and fungus, since the plant-derived so-called peri-
arbuscular membrane is loaded with transporters to facilitate
the described nutrient exchange. The actual composition of the
respective membrane in terms of transporters is predominantly
known for plants (Harrison et al., 2002; Bonfante and Genre,
2010; Gaude et al., 2012; Luginbuehl and Oldroyd, 2017; MacLean
et al., 2017).

Although beneficial for them, plants need to regulate and
coordinate this symbiotic interaction because intensive cellular
reprogramming is required and the plant needs to restrict the
degree of colonization by the fungus in correspondence to its
own nutritional status (Koide and Schreiner, 1992; Breuillin
et al., 2010; Balzergue et al., 2011), e.g., to avoid carbon loss
(Carbonnel and Gutjahr, 2014). Additionally, and perhaps most
important, the beneficial partner needs to be distinguished
from potential pathogens. Plants, and most probably already
their progenitors, the streptophyte algae, evolved the so called
common symbiotic pathway (CSP) (Oldroyd, 2013; Delaux et al.,
2015) that enables this distinctive signaling. The pathway is called
‘common’ because a large part of the set of genes that evolved
to accommodate arbuscular mycorrhiza (AM) was later recruited
by the Rhizobium legume symbiosis (Kistner and Parniske, 2002).
Numerous components of the CSP in AM host plants have been
identified, but these analyzes were predominantly performed in
seed plants (see Delaux et al., 2013b; Oldroyd, 2013 for review and
Figure 1A for overview). Via this pathway the plant detects the
nearby fungus by its secreted lipo-chito-oligosaccharides (LCOs)
and other myc factors such as short-chain chitin oligomers
(COs) (Maillet et al., 2012; Genre et al., 2013) and prepares for
colonization by starting a specific transcriptional program and
cellular reorganization (Gutjahr and Parniske, 2013; Pimprikar
and Gutjahr, 2018). In turn, the fungus senses the plant host,
predominantly through strigolactones secreted by the plant,
and starts intensive hyphal growth and branching toward the
symbiotic partner (Akiyama et al., 2005; Besserer et al., 2006). The
fungal signals are recognized by a receptor complex at the plant
plasma membrane that involves Lysine motif (LysM) receptor
like kinases (RLKs). This complex seems to be more intricate
than previously thought, since it becomes more and more evident
that multiple signals and receptors contribute to composite
signal processing (Antolín-Llovera et al., 2012; Conn and Nelson,
2015; Gutjahr et al., 2015; Sun et al., 2015; Zhang et al., 2015).
The signal is transduced to the nucleus by a so far not fully
characterized mechanism involving most probably mevalonate
and potentially further factors (Venkateshwaran et al., 2015).
Multiple ion channels in the nuclear envelope elicit a symbiotic
Ca2+ oscillating signal (spiking) in the nucleus (Charpentier
et al., 2008). The factors described so far make up what we will
henceforth call the ‘signaling module’ of the CSP (Figure 1A).
This module transduces the external signal to the nucleus where
it results in calcium oscillation. This symbiosis-specific calcium
spiking activates the calcium and calmodulin-dependent kinase
(CCaMK), a key player of the CSP, which in turn regulates
the transcription factor (TF) CYCLOPS, which is thought to
initiate a transcriptional regulatory network (Singh et al., 2014;

Pimprikar et al., 2016). This network of various TFs controls,
together with CYCLOPS, the transcription of some additional
TFs and the ‘later genes’ that encode factors which are,
for example, needed for arbuscule initiation, branching and
transmembrane transport (Harrison et al., 2002; Zhang et al.,
2010; Takeda et al., 2011). The transcription of all those
factors is tightly regulated and especially GRAS [Gibberellic
acid insensitive (GAI), Repressor of GAI (RGA), and Scarecrow
(SCR)] proteins are important regulators in this developmental
process (Gutjahr, 2014; Xue et al., 2015). This family originated
from a bacterial methylase (Zhang et al., 2012) and apparently
evolved in streptophyte algae (Wilhelmsson et al., 2017), the
sister lineage to land plants. GRAS proteins fulfill important
regulatory roles in plant growth, response to environment and
development (Peng et al., 1999; Pysh et al., 1999; Hirsch and
Oldroyd, 2009; Sun et al., 2011). Recently the DNA binding
capability of GRAS proteins was reported (Li et al., 2016),
demonstrating that they might act as TFs. However, their mode
of action as regulators is still highly debated (Hirano et al., 2017).
In case of arbuscular mycorrhiza, so far, predominantly Reduced
Arbuscular Mycorrhization 1 (RAM1), Required for Arbuscule
Development1 (RAD1), Nodulation signaling pathway 1 (NSP1)
and NSP2 were identified as prominent regulators, although
NSP1 and NSP2 were previously thought to be root nodule
symbiosis specific (Gobbato et al., 2012, 2013; Lauressergues
et al., 2012; Maillet et al., 2012; Delaux et al., 2013a; Hohnjec
et al., 2015; Park et al., 2015; Rich et al., 2015; Xue et al., 2015;
Pimprikar et al., 2016) (Figure 1A). Additionally, recently further
potential GRAS TFs were proposed to be involved in mycorrhizal
regulation (Xue et al., 2015; Heck et al., 2016). It has been
suggested that the action of the four mentioned GRAS TFs is
highly interconnected or dependent of each other, thus forming
a transcriptional network (Xue et al., 2015). For instance, it was
shown that RAM1 interacts with RAD1 and controls several ‘later
genes’ (Park et al., 2015; Xue et al., 2015). The transcription of
RAM1 in turn is controlled by CYCLOPS and DELLA (Pimprikar
et al., 2016). NSP1 and NSP2 were shown to interact directly
in nodulation (Hirsch et al., 2009). Additionally, NSP2 was
shown to interact with RAM1 by yeast-2-hybrid and bimolecular
fluorescence complementation (Gobbato et al., 2012). Adding an
additional layer of complexity in the control of this symbiosis, it
was shown that NSP2 is regulated by the microRNA MiR171h in
flowering plants (Devers et al., 2011; Lauressergues et al., 2012;
Hofferek et al., 2014).

Due to their structure and mode of action, e.g., being
functional as homo- or hetero-dimer, GRAS TFs seem not
only to act as TFs but also as some kind of ‘hub proteins’
to interconnect signals from different pathways, e.g., hormone
signaling, to regulate complex cellular reprogramming (Thieulin-
Pardo et al., 2015; Li et al., 2016). This hub function becomes
obvious in the example of DELLA proteins. These proteins
are specialized GRAS TFs consisting of a GRAS domain and
an additional DELLA domain. These are known to be key
regulators in gibberellic acid (GA) signaling (Sun, 2011). GA
presence inhibits arbuscule formation, and DELLA proteins
are degraded under this condition. In turn, DELLA proteins,
although not AM specific, are important for arbuscule formation

Frontiers in Plant Science | www.frontiersin.org November 2018 | Volume 9 | Article 162191

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01621 November 3, 2018 Time: 17:26 # 3

Grosche et al. GRAS Regulatory Network Evolution

FIGURE 1 | Schematic representation of identified factors in the symbiosis GRAS signaling module with a focus on bryophytes. (A) Scheme showing the main parts
of the common symbiotic pathway (CSP), consisting of a signaling module, the main hub CCaMK/CYCLOPS, which controls start of the transcriptional program
eventually controlled by GRAS genes (NSP1/2, RAD1, and RAM1). The GRAS module regulates the transcription of later genes. (B) Presence/absence of GRAS
factors within bryophytes shown on a schematic tree, predominantly based on genomic data. We were not able to identify RAM1/RAD1 in liverworts and
NSP2/RAD1 in hornworts, with the exception of RAD1 in transcriptomic data of M. paleacea. In case of mosses we observed an expansion of NSP1 in the crown
group mosses (Bryophytina) but only Takakia shows the full set of symbiotic GRAS genes. Sphagnum encodes NSP1 and NSP2 whereas crown group (“true”)
mosses, exemplified by P. patens, encode up to six NSP1 genes. Dark blue coloring indicates duplications of respective genes. Green dots and red triangles indicate
known host and non-host status, respectively. The land plant ancestor most probably encoded all four symbiosis-specific GRAS sub families.

(Floss et al., 2013). Very recently it was shown that DELLAs
interact with CCaMK/CYCLOPS and potentially additional
TFs to regulate RAM1 transcription (Pimprikar et al., 2016).
Additionally, DELLAs interact with the GRAS TF DELLA
interacting protein 1 (DIP1) and RAD1, which in turn interact
with RAM1 (Yu et al., 2014; Park et al., 2015; Takeda et al.,
2015; Xue et al., 2015; Pimprikar et al., 2016), indicating the
importance of DELLA and plant hormones in AM development
and regulation. Moreover, abscisic acid (ABA) has been shown
to promote mycorrhizal development, possibly by stabilizing
DELLA (Achard et al., 2006), and by regulating GA levels in the
context of symbiosis (Martin-Rodriguez et al., 2016).

Recently, the evolution of the CSP was analyzed, covering
datasets ranging from chlorophytes to spermatophytes

(Delaux et al., 2014, 2015). It was shown that CSP factors
are present in charophyte algae, especially those for signal
perception and processing of the Ca2+ signal in the nucleus.
Hence, some CSP factors were already present before the water-
to-land transition (Delaux et al., 2015). However, with respect to
the GRAS genes, orthologs of the symbiosis-specific GRAS TFs
known from extant land plants were not detected (Delaux et al.,
2015).

Symbiosis specific genes are lost in non-host plants, leading to
a specific absence/presence pattern of CSP components (Delaux
et al., 2014; Favre et al., 2014; Bravo et al., 2016). Hence,
presence and absence of these factors may allow a conclusion
on the symbiotic status of the plant analyzed. Indeed, some land
plant lineages lost the ability to form a mycorrhizal partnership,
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among them the Brassicaceae with the prime plant model,
the weed Arabidopsis thaliana. The model moss Physcomitrella
patens (Funariceae) is not known to form AMF associations
in nature, although intracellular growth can be occasionally
detected in culture (Hanke and Rensing, 2010) and the relative
Funaria hygrometrica was described to show AMF association in
a companion plant assay (Parke and Linderman, 1980). While
A. thaliana has lost genes required for responding to symbiotic
fungi (Delaux et al., 2014), P. patens retained orthologs of
these, at least for factors of the signaling module of the CSP
(Wang et al., 2010; Delaux et al., 2015). Our study focuses
on bryophytes, comprising mosses, hornworts, and liverworts.
While liverworts and hornworts are generally considered host
plants, most mosses are considered non-hosts (Field and
Pressel, 2018). The crown group mosses (Bryophytina or true
mosses) comprise the classes Oedipodiopsida, Polytrichopsida,
Tetraphidopsida (each with a single sub class) as well as the
major class Bryopsida, comprising eight sub classes. Sister
lineages to the Bryophytina are the three single class comprising
sub divisions Andreaeophytina, Sphagnophytina (comprising
the genus Sphagnum, peat mosses) and Takakiophytina. Their
branching order remains under debate, with Takakiophytina
(comprising the single genus Takakia with the two species
T. lepidoziodes and T. ceratophylla) probably being sister to all
other mosses (Volkmar and Knoop, 2010; Ligrone et al., 2012).
The only accepted evidence for host plants within the mosses
is in the basal lineage represented by Takakia (Boullard, 1988).
Here, we performed comprehensive phylogenomic analyzes of
the GRAS transcriptional regulatory network in bryophytes
and found lineage specific losses and expansions of these key
symbiotic signaling pathway components. We evaluate our
findings with respect to the host and non-host status of the
species or lineages in question and hypothesize on the (early)
clade-specific evolution of symbiotic GRAS genes.

MATERIALS AND METHODS

Phylogenetic Analyses
GRAS TFs were acquired using the HMM-based (using the
motif PF03514) TAPscan classification (Wilhelmsson et al., 2017)
against a database of sequenced plant and algal genomes and
transcriptomes (Supplementary Table S1). An initial alignment
and phylogenetic tree of all GRAS TFs was constructed, and
sequences from the clades representing the sub families involved
in symbiosis signaling (NSP1, NSP2, RAD1, RAM1) were
selected, aligned, manually curated and used to generate HMMs
specific to each of the four sub families using hmmbuild from
HMMer (Finn et al., 2015) 3.1b1 (HMMs available upon request).
HMMsearch was used with these HMMs against all GRAS
proteins in order to determine each of the sub families. To aid
this selection, HMM search scores were derived of the basalmost
sequences of the phylogenetic clade in question, and of the
next closest phylogenetic clade in the tree. Cutoff scores were
then derived to lie between these values. Because the resulting
list of sequences of RAD1 and RAM1 largely overlapped, these
two clades were combined in a single phylogenetic analysis.

While all sequences of non-vascular plants were used, seed plants
were represented by selected species to cover gymnosperms,
basal angiosperms as well as mono- and di-cotyledonous
flowering plants. Additionally, a putative Lunularia cruciata
RAM1 sequence (Delaux et al., 2015) was added, but based on
our phylogenetic analyses could not be confirmed as RAM1.
Each of the three protein sets was aligned using Mafft L-INS-i
(Katoh and Standley, 2013). Alignments were manually curated
using Jalview (Waterhouse et al., 2009), removing identical
sequences and cropping columns to only represent the GRAS
domain. Sequences of non-symbiotic GRAS proteins, namely
the A. thaliana DELLA proteins GAI and RGA, were added for
outgroup rooting (see Supplementary Figure S1 for relationships
of the GRAS clades). The best suited amino acid substitution
model was determined using Prottest 3 (Darriba et al., 2011) and
turned out to be JTT+G+F. Bayesian inference utilizing MrBayes
3.2 (Ronquist et al., 2012) was carried out with two hot and cold
chains until the average standard deviation of split frequencies
was below 0.01 and no more trend was observable. 150 trees each
were discarded as burn-in. Resulting trees were visualized using
FigTree 1.4.01. The three alignments that are the basis for the
phylogenetic trees are provided as Supplementary Files.

Transcriptome completeness was assessed by determining the
percentage of eukaryotic single copy orthologs represented as full
length transcripts (Supplementary Table S1), as implemented in
BUSCO (Simao et al., 2015). The 1KP transcriptome datasets are
based on whole plants.

RESULTS

Many factors of the CSP have been identified in recent years
and it has been shown that plants which do not engage in a
mutualistic symbiosis with AMF lost CSP genes (Delaux et al.,
2014; Favre et al., 2014; Bravo et al., 2016). Furthermore, it was
shown that basic factors of the CSP, such as DMI3/CCaMK
and DMI1/POLLUX, were already present in the streptophyte
algae, the sister lineage of land plants (Wickett et al., 2014;
Delaux et al., 2015). Most probably GRAS proteins and other
TFs act in a complex way by forming homo- and hetero-
dimers (or multimers) among each other which then regulate the
respective target genes (Gobbato et al., 2012, 2013; Hohnjec et al.,
2015; Xue et al., 2015). Since mycorrhiza establishment requires
fundamental changes to cell structure and physiology, the
transcriptional program needs to be tightly regulated and factors
involved are key regulators of this alteration. This regulatory
network was so far predominantly studied in spermatophytes
(especially in the legumes lotus and medicago) leading to a
somewhat biased knowledge about presence and absence of these
factors. Therefore, we screened for homologs of GRAS TFs
(NSP1, NSP2, RAM1, RAD1) previously described in the prime
model organisms for mycorrhiza research, Medicago truncatula
and/or Lotus japonicus, and further analyzed them by phylogenic
inference with special emphasis on bryophytes. Through this
we were able to elucidate probable presence/absence patterns

1http://tree.bio.ed.ac.uk/software/figtree

Frontiers in Plant Science | www.frontiersin.org November 2018 | Volume 9 | Article 162193

http://tree.bio.ed.ac.uk/software/figtree
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01621 November 3, 2018 Time: 17:26 # 5

Grosche et al. GRAS Regulatory Network Evolution

FIGURE 2 | Phylogenetic tree for NSP2. Phylogenetic reconstruction of NSP2 using Bayesian inference. NSP2 was found in the basal lineage represented by the
moss Takakia (green branches) and in liverworts (blue branches), but not in hornworts. Sequences of L. japonicum and M. truncatula are highlighted in purple. Five
letter codes of the form MARchantia POlymorpha (MARPO) are used to abbreviate species names (Supplementary Table S1). Five letter codes followed by “1”
depict 1KP sequences, those followed by “tr” represent sequences from non-1KP transcriptomes. The Marchantia paleacea transcriptome generated from
mycorrhized tissue is marked by “my,” the one generated from non-mycorrhized tissue by “nm.” Note that an NSP2 transcript was found in the mycorrhized (my)
1KP library for Marchantia paleacea, as well as in the Marchantia polymorpha transcriptome. Posterior probabilities are shown at the nodes, the tree was
outgroup-rooted by A. thaliana GAI and RGA (not shown).

for factors of the GRAS transcriptional network in bryophyte
clades.

Presence and Absence of Factors of the
GRAS Regulatory Network in Bryophyte
Lineages
Analysis of factors downstream of the signaling module and
Ca2+ spiking (CCaMK) in non-seed plants and algae has in part
already been undertaken recently (Delaux et al., 2015). Analyzing
specifically the GRAS TFs and creating GRAS TF trees in more

depth (Figures 2–4 and Supplementary Figure S1), we found
no orthologs of NSP2 (Figure 2), RAD1 and RAM1 (Figure 3)
in P. patens or other crown group mosses (Bryophytina) based
on fully sequenced genomes, transcriptome data (Szovenyi et al.,
2010, 2014) and data from the 1,000 plant transcriptomes project
1KP (Matasci et al., 2014). We also included genomic data for
the more basal lineages of Sphagnum and Takakia. In case of
Sphagnum we were able to detect only NSP1 (Figures 1B, 4). In
contrast to that we found all factors to be present in Takakia.

Our GRAS phylogenetic analyzes did not detect liverwort
orthologs of RAM1, although 1KP data (Matasci et al., 2014)
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FIGURE 3 | Phylogenetic tree for RAD1 and RAM1. Phylogenetic reconstruction of RAD1 and RAM1 (clades marked using boxes) using Bayesian inference. RAD1
was found in the basal moss lineage represented by Takakia (green branches) and in liverworts (blue branches), but not in hornworts. In contrast, RAM1 was found
only in Takakia and hornworts (cyan branches). Sequences of L. japonicum and M. truncatula are highlighted in purple. Note that a RAD1 transcript was only found
in the mycorrhized (my) 1KP library for Marchantia paleacea, and that no RAD1 gene was found in the Marchantia polymorpha genome or transcriptome. Posterior
probabilities are shown at the nodes, the tree was outgroup-rooted by A. thaliana GAI and RGA (not shown); see legend to Figure 2 for explanation of naming.

were included (Figure 3). Apart from that we found NSP1, NSP2,
and RAD1 in the liverwort lineage. Interestingly, while NSP1 and
NSP2 are detected in mycorrhizal as well as non-mycorrhizal
tissue of Marchantia paleacea and Marchantia polymorpha,
RAD1 is only detected in mycorrhizal M. paleacea (Figure 3). For
hornworts we had access to 1KP data and preliminary sequence
data for Anthoceros agrestis (kindly provided by Peter Szovenyi).
We could identify NSP1 and RAM1, but not NSP2 or RAD1
in hornworts (Figures 1–4). In summary, the only full set of
symbiotic GRAS TFs in bryophytes was detected in genomic data
of the basal moss lineage represented by Takakia lepidozioides
(kindly provided by Yikun He).

Lineage-Specific Expansion of GRAS TFs
Besides the mentioned lineage-specific absence of genes,
our analyzes show expansions of some GRAS sub families.

Although no orthologs for NSP2, RAM1, and RAD1 were
found in P. patens, we found four paralogs for NSP1 and a
general expansion of this GRAS TF in crown group mosses
(Bryophytina). Two main clades of NSP1s in mosses are obvious
and most mosses seem to possess four NSP1 paralogs divided into
the two clades (Figure 4). In case of Sphagnum and Andreaea we
detected only one copy of NSP1 each, and two copies in case of
Takakia. These three species represent the sister lineages to the
Bryophytina and obviously did not share the later evolutionary
diversification of NSP1. Interestingly, expansions of the other
three GRAS sub families were only observable for Takakia, for
which we identified one NSP2 but two paralogs of RAM1 and
three paralogs of RAD1 (Figure 3).

Taken together, we identified a specific absence/presence
pattern for the analyzed GRAS TFs involved in mycorrhiza
signaling. Losses of parts of the symbiotic GRAS genes were
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found in all examined bryophyte lineages except for Takakia.
P. patens as example for the mosses shows most losses, having
lost NSP2, RAM1 and RAD1. Expansions of factors were detected
in Takakia (NSP1, RAM1, RAD1) and Bryophytina (NSP1)
(Figure 1B). Although data of algae were included in the database
mined, and GRAS TFs are present in streptophyte algae (Bowman
et al., 2017; Wilhelmsson et al., 2017), orthologs of the symbiotic
GRAS TFs could not be identified in algae.

DISCUSSION

From the beginning of their conquest of land, around 500 Ma ago
(Lang et al., 2010; Morris et al., 2018), land plants most probably
have been in contact and/or symbiosis with fungal partners
and nowadays over 80% of all extant land plants continue
this mutualistic relationship (Fitter, 2005). Plants make use of
a signaling module for recognition and establishment of the
symbiosis, the main factors of which have already been present
before the water-to-land transition of plants (Delaux et al., 2015).
This might indicate that these factors are also important for
microbial interactions in an aquatic environment, which are
also common although so far less studied (Hempel et al., 2008;
Rodriguez et al., 2009; Wurzbacher et al., 2010; Kataržytė et al.,
2017). This view is supported by the fact that root nodule
symbioses also make use of the CSP to establish plant–bacterial
symbiosis (Oldroyd, 2013). Additionally, some microbes adopt
this pathway to have parasitic access to plants; most probably
parasitism is as ancient as symbiosis or predated and led to it
(Corradi and Bonfante, 2012; Wang et al., 2012; Gobbato et al.,
2013; Rey et al., 2015, 2017). As outlined above, components
of the signaling module but not symbiosis related GRAS TFs
were already present in the most recent common ancestor of
land plants and charophyte algae. Indeed, we were also not able
to identify sequences of charophytes orthologous to ‘symbiotic’
GRAS TFs. As proposed before (Delaux et al., 2015) the symbiotic
GRAS signaling most probably evolved by duplication events
from GRAS TFs already present in streptophyte algae (Bowman
et al., 2017; Wilhelmsson et al., 2017).

Symbiotic GRAS TFs in Bryophytes –
Duplications and Losses
Delaux et al. (2015) detected orthologs for symbiotic GRAS TFs
in bryophytes. The full complement was detected for liverworts
only (especially Lunularia cruciata, for which the transcriptome
was sequenced). Furthermore, they identified two factors (RAM1
and RAD1) for Takakia, and NSP1 in hornworts and mosses. Our
GRAS phylogenetic trees (Figures 2–4) expand this view in so far
that we found all four factors in Takakia, added the basal moss
lineage represented by Sphagnum (having NSP1 only), and found
NSP2 and RAM1 in hornworts. We were not able to identify
RAM1 in liverworts. The previously reported putative Lunularia
cruciata transcriptomic RAM1 sequence (Delaux et al., 2015)
grouped outside the RAM1/RAD1 clade in our analysis, maybe
due to its fragmentary sequence. The detection of these GRAS
TFs in transcriptomic data is potentially flawed because some
of them are only expressed upon detection of or colonization

by AM fungi, and thereby activation of the CSP (Xue et al.,
2015; Pimprikar et al., 2016; Rich et al., 2017). Hence, they
might not be expressed under the conditions from which the
respective transcriptome was sequenced. Additionally, hornworts
are unfortunately underrepresented in the 1KP data. Such
problems do not apply if full genomes (with a certain quality)
are available (e.g., P. patens or the liverwort M. polymorpha). The
strength of our study is that we use for the first time genomic
data for each of the bryophyte lineages, thus at least partially
overcoming the limitations of transcriptomic data. However, it
also clearly demonstrates that we need more genomic data for
bryophytes and other non-seed plants (Rensing, 2017).

In the case of mosses, only NSP1 is present and clearly
expanded, exemplified by, e.g., P. patens encoding four NSP1
genes. Using the M. truncatula sequences encoding NSP2, RAD1
and RAM1, no hits can be recovered in the P. patens genome
assembly. Also, the best BLASTP hits of the M. truncatula
genes flanking the three GRAS loci are not part of syntenic
regions detected between P. patens and other plant genomes
(Lang et al., 2018). Neither is any of the four NSP1 paralogs
part of such a syntenic region. Hence, the regions encoding
three of the four genes seem to have been lost from the
genome. As outlined above, there are two moss NSP1 subclades
(Figure 4, clades I and II). Most of the mosses have at least
one sequence in each of these clades, and typically encode
four paralogs. The topology and distribution pattern of NSP1
genes indicate a common duplication event giving rise to the
two clades, observed in the crown group mosses (Bryophytina)
but not shared by the sister lineages represented by Takakia,
Sphagnum, and Andreaea. These duplications might be related to
whole genome duplication (WGD) events observable in mosses
(Lang et al., 2018), leading to subsequent neo- and/or sub-
functionalization of duplicated genes (Rensing, 2014). Published
expression for P. patens (Perroud et al., 2018) shows that the four
paralogs show different expression levels (Nsp1 Ib lowest, Nsp1
Ia highest), but a qualitatively similar expression profile across
the available developmental stages (Supplementary Table S1).
NSP1 was identified as being important in root nodule symbiosis
(RNS) (Catoira et al., 2000; Smit et al., 2005) and later on it was
shown to also influence AM, since this TF is an important factor
of the strigolactone (SL) biosynthesis pathway (Liu et al., 2011;
Delaux et al., 2013b; Takeda et al., 2013; Hohnjec et al., 2015).
SL biosynthesis is important for the establishment of the AM
symbiosis because the fungus senses SL and the hyphal branching
increases upon this stimulus (Akiyama et al., 2010). Interestingly,
although P. patens does not encode an NSP2 gene, which is also
necessary for SL biosynthesis in seed plants (Liu et al., 2011), it
releases SLs (Proust et al., 2011). Biosynthesis of SL in P. patens is
induced by phosphate starvation (a condition under which AMF
association typically occurs), and leads to resistance to pathogenic
fungi (Decker et al., 2017). Potentially, duplicated moss NSP1
genes sub-/neo-functionalized and compensate for the loss of
NSP2. As GRAS proteins can act as hetero- and/or homodimers
(Hirsch et al., 2009; Li et al., 2016) it is a feasible scenario that the
four NSP1 paralogs might take over functions typically carried
out by other GRAS proteins in other plants. Intriguingly, only
NSP1 genes of clade I (Figure 4) seem to have been duplicated
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FIGURE 4 | Phylogenetic tree for NSP1. Phylogenetic reconstruction of NSP1 using Bayesian inference. NSP1 was found in mosses (green branches), liverworts
(blue branches), and hornworts (cyan branches). In the case of crown group mosses (Bryophytina) an expansion of NSP1 is evident due to the presence of several
paralogs per species. Two main clades (marked by boxes, clades I and II) can be observed for moss NSP1. Mosses typically encode four NSP1 copies; naming of
individual NSP1 genes is provided for P. patens as an example. Note that the basal lineages represented by Takakia, Sphagnum, and Andreaea do not share the
diversified NSP1 clades of the other mosses. Sequences of L. japonicum and M. truncatula are shown in purple. Note that NSP1 transcripts were found in all
transcriptomes of M. paleacea and M. polymorpha. Posterior probabilities are shown at the nodes, the tree was outgroup-rooted by A. thaliana GAI and RGA (not
shown); see legend to Figure 2 for explanation of naming.
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in mosses (the naming of individual NSP1 genes in the overview
in Figure 1B is according to this division). This might indicate
that a first sub- or neo-functionalization of NSP1 genes already
occurred after the first duplication and in the second duplication
event duplicated genes of group II were selected against, maybe
because of unfavorable consequences due to stoichiometry of the
dimer partners. However, so far, we are not able to assign certain
functions to the individual NSP1 genes in P. patens.

Presence/Absence of Factors Coinciding
With the Host/Non-host Status
Looking at the potential overall evolution of the symbiosis GRAS
signaling genes we found support for the view of Delaux et al.
(2015). Given the distribution of GRAS factors we hypothesize
that the land plant ancestor encoded the full set of GRAS
TFs (Figure 1). In bryophyte clades we can observe several
losses (especially in mosses) and expansions (also mainly in
mosses) of these GRAS TFs. Mosses have lost most factors
of these GRAS genes (NSP2, RAM1, RAD1) and according to
that they, including Sphagnum, are considered non-host plants
(Read et al., 2000; Wang and Qiu, 2006). Although the signaling
module seems to be intact, they also lost some genes which
are, e.g., important for the periarbuscular membrane (Wang
et al., 2010; Delaux et al., 2014, 2015). The symbiotic GRAS
sub family losses might explain why a tight association or
even symbiosis cannot be established in mosses. An exception
at the basis of the mosses is Takakia, which encodes all
four GRAS factors (plus expansions for NSP1, RAM1, and
RAD1), and indeed was reported to engage in AM (Boullard,
1988). Given that Takakia represents one of the sister lineages
of the Bryophytina, an evolutionary loss of NSP2, RAD1,
and RAM1 during moss evolution appears the most probable
scenario.

Most liver- and hornworts are considered host plants (Field
and Pressel, 2018). As mentioned, we were not able to identify
RAM1 in liverworts, or NSP2 and RAD1 in hornworts. This
might be due to the mentioned problem with transcriptome
coverage, but is also explainable by species-specific losses of AM
capability exemplified by M. polymorpha, which does not show
AM and lacks RAD1 (Figure 3) in contrast to its close relative
M. paleacea (Humphreys et al., 2010; Bowman et al., 2017).
The lack of M. polymorpha mycorrhizal association is in line
with the absence of GAs and might be featured by nutrient rich
habitats (Ligrone et al., 2007). While genes needed for successful
mycorrhization are absent in non-host Marchantia species,
other gene families are over-represented in M. polymorpha,
e.g., transporters for phosphate and ammonium. These genomic
adaptations might reflect the shift from mycorrhizal to non-
mycorrhizal status by improving the transport capacity instead
of being dependent on symbiotic organisms (Bowman et al.,
2017). Nevertheless, according to our analysis both lack RAM1,
which is not in line with the species’ host/non-host status, since
M. paleacea, as host, should have the complete GRAS gene
set. This is most probably due to the mentioned incomplete
nature of the transcriptomic data. In case of NSP2 we can
identify a potential coding region in the M. polymorpha genome

(encoding the same protein detected in the transcriptome,
Figure 2) that does not have a gene model assigned to it;
updated genome versions might solve this issue. Presence of
transcripts in transcriptomic data is evidence of presence of
the gene, but absence of transcripts must not necessarily reflect
absence of the gene (for example, the 1KP transcriptomes contain
on average 84% of the conserved eukaryotic single copy gene
set, Supplementary Table S1). For our overview (Figure 1B)
we are thus relying mainly on genomic data in order not
to represent conclusions based on transcriptomic absence of
genes.

Functions, Additional Factors and
Evolution of the Symbiotic Pathway
With rising morphological complexity more complex regulation
and cellular reorganization is needed. Most probably we do
not yet know all TFs involved in the regulation of this
symbiosis, which involves tight regulation and massive cellular
reorganization. Recent publications indicate that even more
factors are involved, at least in seed plants (Xue et al., 2015; Heck
et al., 2016). This indicates that we are only at the beginning
of understanding this complex pathway and its transcriptional
network (Genre and Russo, 2016; Pimprikar and Gutjahr, 2018).
However, a quick survey showed that for example the GRAS
TF MIG1 seems not to be present in bryophytes (data not
shown). Most probably the transcriptional network to establish
mycorrhizal symbiosis comprises more factors and is thereby
more complex in vascular plants, due to more cell types and
tissue layers. It is important to note that our current knowledge
of the CSP is predominantly based on studies in spermatophytes
(and here again predominantly analyzed of lotus and medicago).
Maybe some GRAS genes are less important in bryophytes as
compared to the situation in seed or vascular plants, for example
due to their lack of roots.

If we evaluate the evolution of the CSP and its downstream
components we should also be considering other plant–
microbe associations and symbioses. Recently, the view was
broadened since fungi belonging to the Mucoromycotina and
also Ascomycotina were shown to interact in particular with
liverworts and maybe hornworts (Field et al., 2014; Kowal
et al., 2018), and the plant–Mucoromycotina interaction was
proposed to potentially represent the ancestral state of plant–
fungus interaction (Field et al., 2015). It is also known that
plants interact with bacteria or even with both, fungi and
bacteria (Bonfante and Anca, 2009). Foremost known is the RNS,
which makes use of many factors of the CSP (Oldroyd, 2013;
Genre and Russo, 2016). Interaction with cyanobacteria is also
known, in particular for hornworts but also in some liverworts,
mosses, ferns, and seed plants. There are more microbial/plant
associations and symbioses known (e.g., Frankia, etc.) (Santi
et al., 2013; Martin et al., 2017), and most probably many
more we do not know yet. These interactions are important
and widespread, and probably evolved already in the aquatic
environment (Croft et al., 2005; Hom and Murray, 2014). How
are these associations and symbioses regulated and how do
the symbiotic partners identify each other? Most likely key
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components of the CSP (signaling module) are also involved in
symbioses other than the ones they have so far been implicated
in (mycorrhizal, rhizobial, and actinorhizal) (Martin et al., 2017).
The signaling module apparently evolved in streptophyte algae
(Delaux et al., 2015), suggesting that it may be functional in
additional associations and symbioses, e.g., with cyanobacteria.
The factors that process the symbiotic calcium spiking and induce
a specific transcriptional program might be specific for each
kind of symbiosis, leading to an association/symbiosis-specific
diversification of the CSP downstream of the signaling module.
More molecular studies in additional symbioses, especially
in aquatic environments, are needed to unravel additional
symbiosis-specific factors.

CONCLUSION

The key pathway to regulate beneficial interactions in plants
seems to be the CSP (Martin et al., 2017). Furthermore, it is
believed that microbial interactions enabled plants to conquer the
land (Pirozynski and Malloch, 1975), highlighting the importance
of this signaling pathway. Here we argue that the symbiosis
related GRAS signaling genes, known to be important in
regulation of AM symbiosis, were already present in the most
recent common ancestor of all land plants. These genes display
lineage specific losses and expansions in bryophytes, in particular
in mosses. Such losses seem to reflect the non-host status.
Nevertheless, the upstream CSP signaling module for symbiosis
establishment seems to be intact (Wang et al., 2010; Delaux et al.,
2015) and may serve in additional symbioses with a different
or an extended subset of factors in the transcriptional network
module. Additional studies are needed to elucidate the symbiosis-
specific interplay of TFs and the functions of, e.g., the duplicated
NSP1 genes in mosses.
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FIGURE S1 | Overview phylogeny of the GRAS family. Midpoint rooted Bayesian
inference tree of selected species, including Lotus japonicus, Medicago
truncatula, Arabidopsis thaliana, Physcomitrella patens, and Marchantia
polymorpha. Line thickness corresponds to posterior probabilities. Colored clades
depict RAD1 (red), RAM1 (purple), NSP1 (blue), NSP2 (green), and DELLA (cyan).
Note that DELLA proteins were used as outgroup to root each of the trees shown
in Figures 2–4.

TABLE S1 | Lists the sources of genomic and transcriptomic datasets used, five
letter species abbreviations used in the Figures, BUSCO completeness
percentages and expression data for the P. patens NSP1 paralogs. Alignments of
NSP1, NSP2, and RAD1/RAM1 used for the phylogenetic analyses shown in
Figures 2–4.
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Roots attach plants to the ground and ensure efficient and selective uptake of water and
nutrients. These functions are facilitated by the morphological and anatomical structures
of the root, formed by the activity of the root apical meristem (RAM) and consecutive
patterning and differentiation of specific tissues with distinct functions. Despite the
importance of this plant organ, its evolutionary history is not clear, but fossils suggest
that roots evolved at least twice, in the lycophyte (clubmosses and their allies) and in
the euphyllophyte (ferns and seed plants) lineages. Both lycophyte and euphyllophyte
roots grow indeterminately by the action of an apical meristem, which is protected
by a root cap. They produce root hairs, and in most species the vascular stele is
guarded by a specialized endodermal cell layer. Hence, most of these traits must have
evolved independently in these lineages. This raises the question if the development
of these apparently analogous tissues is regulated by distinct or homologous genes,
independently recruited from a common ancestor of lycophytes and euphyllophytes.
Currently, there are few studies of the genetic and molecular regulation of lycophyte
and fern roots. Therefore, in this review, we focus on key regulatory networks that
operate in root development in the model angiosperm Arabidopsis. We describe current
knowledge of the mechanisms governing RAM maintenance as well as patterning and
differentiation of tissues, such as the endodermis and the vasculature, and compare
with other species. We discuss the importance of comparative analyses of anatomy
and morphology of extant and extinct species, along with analyses of gene regulatory
networks and, ultimately, gene function in plants holding key phylogenetic positions to
test hypotheses of root evolution.

Keywords: roots, plant evo-devo, plant development, plant anatomy and morphology, patterning, gene regulatory
network

FOSSILS, PHYLOGENIES, AND DEVELOPMENTAL GENETICS
IN TRACING THE EVOLUTION OF ROOTS

Roots anchor plants to the ground, and their growth patterns allow exploration of the soil while
their specific morphology and anatomy are adapted for efficient uptake of water and mineral
nutrients. The evolution of deeply penetrating roots dramatically altered living conditions on
Earth. Their activity is capable of weathering rocks resulting in accessible silicate material which
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reacts with and binds carbon dioxide thereby reducing it from
the atmosphere (Raven and Edwards, 2001; Pires and Dolan,
2012). Roots are essential for the formation of complex soils and
allow intimate symbiotic relationships with fungi and bacteria
(Raven and Edwards, 2001). Thus, both the abiotic and biotic
environment were altered with the evolution of roots and
plant roots remain essential for our ecosystems. Furthermore,
optimal plant root behavior in response to external conditions
such as mineral nutrient and water availability is essential for
crop survival and yield (Ahmed et al., 2018). Despite their
importance, the evolutionary history of roots is currently not
clearly understood and the developmental genetic regulation of
root traits is known in considerable detail essentially only in
the model plant Arabidopsis thaliana (Arabidopsis), although
knowledge from other angiosperm (primarily crop) species is
rapidly catching up.

All extant vascular plants have true roots (with few exceptions)
distinguished by positive gravitropism and a root cap protecting
a meristem that allows continuous growth. Roots have root hairs
extending the surface area for efficient water and mineral uptake,
and a ground tissue that often harbors an inner specialized
endodermal cell layer controlling uptake into the vascular stele.
The stele generally has a primitive protostele organization with
central xylem (Raven and Edwards, 2001). Although being
united by these characteristics the fossil record along with
certain developmental features (see below) strongly suggest that
roots evolved independently several times, implying that several
root specific structures convergently evolved multiple times.
This raises the question if distinct genetic components were
employed for similar functions or if these multiple independent
events involved adoption of related genetic circuits present in
the ancestor of these plants. If so, they would display deep
homology, i.e., when the structures themselves are analogous
but regulated by homologous genes (Scotland, 2010). Exploring
the gene regulatory networks underlying root development in
phylogenetically informative species both at great evolutionary
distances, and in closely related species with similar or distinct
anatomies, will give valuable information on the genetic tool
kit(s) employed in root formation, and, potentially, in their
evolution. Here, we review current hypotheses of how roots
might have evolved, we describe selected key genetic circuits
essential for different aspects of root development, with a focus
on meristem maintenance and anatomy, and discuss how such
information can help testing hypotheses for root evolution.

THE ORIGIN AND ANATOMICAL
DIVERSITY OF ROOTS

Rooting structures are found in all land plants; in the form
of rhizoids (uni- or multicellular filamentous rooting structures
emanating from non-root organs) in the free-living gametophytes
of bryophytes, lycophytes, and monilophytes, and as true roots
with elaborate tissues, as described above or with some variation,
in the sporophytes of extant vascular plants (Raven and Edwards,
2001). This seemingly indicates a monophyletic origin of true
roots. However, the fossils found of early vascular plants and

certain aspects of how roots develop in different lineages,
instead suggest a considerably more complex evolutionary
history of roots (Figure 1). At the time when the first root-
like structures appear in the fossil record, sporophytic plants
had indeterminately growing upright or crawling, rhizome-like,
shoot axes, some with microphyllous leaves (Taylor et al., 2009;
Kenrick and Strullu-Derrien, 2014). The Rhyniophytes found in
the Rhynie chert from Early Devonian are among the earliest
fossils found of sporophytes with rooting structures (Taylor et al.,
2009). These distinct fossils had a system of shoot-like axes, either
a pro-vasculature or a distinguishable xylem, but no roots as
specified by a root meristem covered by a cap. Instead, they
had rhizoids (otherwise only known from gametophytes) directly
developed from the lower surfaces of the axes at places where
they were growing horizontally, on top or just beneath the soil
surface (Taylor et al., 2009; Kenrick and Strullu-Derrien, 2014;
Hetherington and Dolan, 2018a). Thus, it is possible that these
axes had adapted a specific genetic program normally responsible
for gametophyte rhizoid formation, to allow something of a
rooting function to these axes. Such a combination of rhizoids
formed on a sporophytic axis is an early evolutionary elaboration
not found in any extant plant (Hetherington and Dolan, 2018a),
but it emphasizes the similarities of rhizoids and root hairs
(single cell tubular epidermal outgrowths of true roots). Indeed,
comparisons of the genetic regulation of bryophyte gametophyte
rhizoid and angiosperm root hair formation have identified a
number of homologous factors regulating the formation of the
analogous tip-growing cells with rooting function (Menand et al.,
2007; Tam et al., 2015; Honkanen et al., 2017, reviewed in Jones
and Dolan, 2012; Honkanen and Dolan, 2016), suggesting that a
pre-existing genetic network for rhizoid formation was co-opted
in the sporophyte generation.

Thus, Rhyniophytes, stem group taxa for all extant vascular
plants, lacked true roots. Interestingly, also fossils of stem
groups of both lycophytes (Zosterophylls) and fern and seed
plants (Trimerophytes) lacked true roots (Raven and Edwards,
2001; Taylor et al., 2009; Kenrick and Strullu-Derrien, 2014).
Therefore, true roots likely evolved independently in these two
major vascular plant branches. The earliest fossils with true roots
have affinity to the lycophytes. Most of these had apparently
indeterminate growth, a root cap-like structure, no cuticula, and
branched dichotomously by bifurcation of the meristem and
most likely lacked an endodermis. Intriguingly, a very early fossil
of a lyopsid root meristem found in the Rhynie chert was recently
described in great detail (Hetherington and Dolan, 2018b). While
these roots had positive gravitropism and a promeristem that
had set off cells for vascular, ground and epidermal tissues, they
had no signs of having had a root cap. Hence, Hetherington and
Dolan take this as evidence for step-wise acquisitions of key root
traits during root evolution in the lycophyte linage. Indirectly,
this further supports that such root traits must have convergently
evolved independently in the other major vascular plant lineage,
the euphyllophytes (Hetherington and Dolan, 2018b).

In other fossils of Early Devonian lycophytes, non-gravitropic
thin root-like structures in position of leaves originated from
shoot-like positively gravitropic axes (Matsunaga and Tomescu,
2016). Thus, these lycophyte roots formed as a novel type of
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FIGURE 1 | Land plant phylogeny highlighting key root evolutionary events. Important evolutionary innovations are mapped on a phylogenetic tree of land plants
(simplified tree after Puttick et al., 2018). True roots are hypothesized to have evolved at least twice, in the lycophyte (1) and euphyllophyte lineage (2). In the
lycophyte lineage, the root meristem is bifurcating, while in the euphyllophyte lineage, lateral roots emerge from the endodermis or pericycle. In lycophytes and
monilophytes, the root develops as an adventitious organ “homorhizoic roots,” while in seed plants, the root and shoot meristems are bipolar, and the root is said to
be “allorhizoic” (although seed plants also form adventitious roots). It is currently unclear how homorhizoic and allorhizoic roots relate to each and whether the
evolution of a primary root in the seed plant lineage can be seen as a third root-evolution event (3) (see Liu and Xu, 2018). Evolution of homorhizoic and allorhizoic
roots are marked in red, other major root evolutionary events are indicated in green. Mya: million years ago.

organ, and this fossil further suggests that certain lycophyte
roots may have co-opted positive gravitropism at a later
evolutionary step. In other early fossils, roots developed from
many different sites of the plant: from stems, leaves, or other
places (Taylor et al., 2009; Hetherington and Dolan, 2017).
Hence, the diversity in where roots appeared may even suggest
that roots evolved multiple times among the then very diverse
lycophytes. Still today, lycophyte (Lycopodiales, clubmosses;
Selaginelales, spikemosses; Isoetales, quillworts) roots display
ancestral characters such as meristem branching by bifurcation,
and Lycopodium has no root endodermis, although other
lycophytes develop an endodermis (Hetherington and Dolan,
2017). Indeed, even among extant lycophytes there is a large
variation in root meristem morphology – some have elaborate
meristems with multiple stem cells as in seed plants (see below),
while others have only one apical cell dividing to give rise
to all root tissues as in ferns – supporting the paleobotanical
indications of multiple evolution of roots in the lycophyte lineage
(Fujinami et al., 2017).

In contrast to the lycophytes, euphyllophytes do not branch
by bifurcation, but from internal tissues (from the endodermis
in ferns and pericycle in seed plants) proximally to the
apical meristem. Similar to lycophytes, fern roots develop
as adventitious outgrowths in relation to the longitudinal
axis of the embryo, and form so called “homorhizoic” roots
(Raven and Edwards, 2001). In fossils (e.g., Archaeopteris) of
progymnosperms, from which the seed plants evolved, plants
have been found where the root formed at the opposing end

of the shoot apical meristem (SAM), referred to as “bipolar”
or “allorhizoic” roots (Taylor et al., 2009). All seed plants are
distinguished by having allorhizoic roots although it is not
uncommon to also find roots developing from non-root organs
such as stems or leaves. It is currently an unresolved issue if the
allorhizoic seed plant root is homologous with the homorhizoic
fern root.

Thus, the evolutionary history of roots is still not clear,
but there is good evidence that roots appeared as multiple
independent innovations in the two major lineages leading
to extant lycophytes and euphyllophytes. One can envision
different trajectories by which roots may have evolved: They may
have appeared as an entirely new type of organ, perhaps as a
modification of a lateral shoot organ, or they could have evolved
as modifications of shoot-like axes, already harboring an apical
meristem.

THE ROOT APICAL MERISTEM AND
AUXIN – SIMILARITIES AND
DIFFERENCES IN ANGIOSPERMS,
FERNS, AND LYCOPHYTES

As discussed above, the evolution of roots was predated by
shoots growing indeterminately. Thus, genetic circuits ensuring
indeterminate growth must have been present, and may have
been co-opted to allow indeterminate growth of roots. This could
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have occurred either by converting a shoot or by activating
such a genetic circuit ensuring indeterminate growth elsewhere
thereby triggering continuous growth de novo. Indeterminate
growth is made possible by the activity of apical meristems that
harbors pluripotent, constantly dividing cells. The activity of the
meristem is ensured by stem cells (also called initial cells) that
divide asymmetrically to give rise to cells that either undergo
further divisions or begin to differentiate (Scheres, 2007). Stem
cells for the specific tissue types of the root are found close to the
root tip: distally (toward the tip) for the columella, proximally
(shootward) for the stele and cortex/endodermis, and laterally
distally for epidermis/lateral root cap (LRC). The proximal cells
continue dividing within a division zone (DZ), until they reach
a point in which division ceases and elongation begins. They
then enter the elongation zone, and later the differentiation
zone (collectively EDZ), where tissues are fully differentiated
(Figure 2A; Dello Ioio et al., 2008; Perilli et al., 2012). The stem
cells in the root apical meristem (RAM) are organized around
mitotically inactive cells called quiescent center (QC) cells. The
size of the QC (and the stem cell niche, i.e., QC + stem cells)
varies substantially between species. Arabidopsis has a small
meristem with only four QC cells. Within the monocots rice has
4–6, barley 30, and maize 500–1000 (Jiang et al., 2010; Kirschner
et al., 2017). In a set of seminal cell laser ablation experiments,
it was shown that if a QC cell in Arabidopsis is damaged, the
neighboring columella stem cell begins to accumulate gravity
sensing amyloplasts, showing that it is undergoing differentiation
and suggesting that the QC sends a signal to surrounding stem
cells to keep them undifferentiated (van den Berg et al., 1997).

Most of our current knowledge of the developmental genetic
regulation of RAM establishment and maintenance comes from
studies in Arabidopsis. Polar transport of auxin from the
shoot down the root, via PIN auxin efflux carriers, creates
an auxin maximum at the root tip which is needed for the
maintenance of the stem cell niche. Here, auxin transport
creates a “fountain” where auxin is refluxed up along the
epidermis determining the location of the transition from DZ
to EDZ (Blilou et al., 2005). In this process, auxin transport
generates a concentration gradient over the meristem (Grieneisen
et al., 2007). This auxin gradient determines the distribution of
APETALA2-like PLETHORA (PLT) TFs that dose-dependently
govern the extent of cell proliferation over the meristem (Galinha
et al., 2007; Mähönen et al., 2014; Santuari et al., 2016).
Considering the possibility that the RAM may have evolved
from a pre-existing SAM it is interesting to note that the
focused auxin maximum in the stem cells of the RAM is
conceptually different from the SAM, where auxin maxima
instead converge at the SAM periphery to promote lateral organ
(e.g., leaf) formation (reviewed by Su et al., 2011). Auxin is
transported away from these maxima and positive feedback
from auxin concentration on auxin transport capacity canalizes
auxin to narrow strands, which triggers procambium formation
and xylem differentiation, while being transported toward the
root. Within the SAM, cytokinin maintains cell division. In the
root, however, cytokinin instead promotes cells to enter the
EDZ and begin to differentiate. Therefore, a premature EDZ
formation and smaller root meristem are the results of cytokinin
application to roots (Figure 2A; Dello Ioio et al., 2008). Monocots

appear to respond in a similar manner to applied cytokinin
as the root meristem of barley (Hordeum vulgare) becomes
considerably smaller after application of cytokinin (Kirschner
et al., 2018), suggesting conservation in hormonal regulation
of root meristem size among angiosperms. Indeed, auxin and
cytokinin-mediated regulation of plant development, including
regulation of indeterminate growth, is strongly conserved and
important also in bryophytes (Coudert et al., 2015; Flores-
Sandoval et al., 2015; Bowman et al., 2017; Mutte et al., 2018;
Thelander et al., 2018). Hence, this predates the evolution of
vascular plants, and the evolution of roots, and we should
therefore expect auxin and cytokinin to play important roles in
lycophyte and fern root development.

In the water fern Azolla filiculoides which has a DZ and EDZ
similar to an Arabidopsis root, application of cytokinin promotes
cell division and enlarges the meristem, while auxin reduces it
(Figure 2A; de Vries et al., 2016). Thus, the response in the A.
filiculoides root to auxin and/or cytokinin is distinctly different
from the response in Arabidopsis, and the fern root response
resembles Arabidopsis SAM rather than RAM, with cytokinin
promoting and auxin restricting meristem growth. These findings
may support the hypothesis that euphyllophyte roots originated
as postembryonically branching shoot structures, and that the
seed plant primary root therefore is conceptually different and
potentially non-homologous with the fern root (de Vries et al.,
2016). Currently, it is not clear if the fern RAM requires an
auxin maximum for its establishment and maintenance, but the
inability of auxin to trigger lateral root formation in Ceratopteris
richardii, which normally produces lateral roots from an internal
endodermal cell layer (Hou et al., 2004), suggests that auxin plays
different roles in fern roots compared to seed plant roots.

On the other hand, in the lycophyte Selaginella kraussiana,
application of auxin promoted, while cytokinin inhibited,
dichotomous branching of the roots, although roots forming
after hormonal treatment were morphologically distorted
(Sanders and Langdale, 2013). Also, many genes active in the
Selaginella moellendorffii root are related to auxin, reinforcing
the importance for this hormone in lycophyte root development
(Huang and Schiefelbein, 2015). Intriguingly, analysis of fossils of
an arborescent isoetalean lycophyte suggests that while the young
plant had a shoot meristem and a “foot,” after the meristem had
bifurcated, one of the two meristems bent downward forming
a “rhizomorph” – a shoot with a rooting function – thereby
generating a plant with an apparently bipolar organization
(Sanders et al., 2010). Analysis of the patterns of xylem strands
in the isoetalean fossil suggests that auxin was transported
from the shoot down to the “root”-part (Sanders et al., 2010).
Hence, reversion of polar auxin transport towards a positively
gravitropic meristem could indicate a mechanism by which a
shoot meristem may have been converted to a root meristem.
This interpretation is supported by extant S. kraussiana clearly
exhibiting basipetal auxin transport in shoots (Sanders and
Langdale, 2013). Thus, there is support both for evolution of
roots as converted shoots, and as entirely novel organs. One
may therefore imagine that this occurred by several different
type of mechanisms, enforcing the need to genetically and
functionally assess root development and auxin response, in
multiple lycophyte and fern species.

Frontiers in Plant Science | www.frontiersin.org September 2018 | Volume 9 | Article 1410106

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01410 September 21, 2018 Time: 17:3 # 5

Augstein and Carlsbecker Evolution of Root Developmental Circuits

FIGURE 2 | Testing the evolutionary conservation of root developmental
regulators. (A) Root meristem development of both Arabidopsis thaliana
(allorhizoic root) and Azolla filiculoides (homorhizoic root) is affected by the
phytohormones auxin (IAA) and cytokinin (CK), but with opposite effects.
While application of IAA increases root meristem size in Arabidopsis, it has a
restricting effect in A. filiculoides. Contrary, CK inhibits root meristem growth in
Arabidopsis, while it promotes it in A. filiculoides (de Vries et al., 2016). DZ,
division zone; EDZ, elongation and differentiation zone. The QC is indicated in
the Arabidopsis root, and the apical cell is indicated in the A. filiculoides root.
(B) WOX5 is critical for maintaining the undifferentiated state of root apical
meristem stem cells (Sarkar et al., 2007). Consistently, in the Arabidopsis
wox5-1 mutant, premature differentiation of columella stem cells is observed
by accumulation of statoliths (indicated in purple). Introduction of the conifer

(Continued)

FIGURE 2 | Continued
Picea abies WOX5 homolog PaWOX5, driven by the WOX5 promoter, is able
to restore the wox5-1 phenotype, while the fern Ceratopteris richardii
WUS/WOX5 homolog CrWUL, driven by the WOX5 promoter, cannot
compensate for loss of WOX5 function (Zhang et al., 2017). This suggests that
certain WOX5-specific properties evolved in the seed plant lineage. The stem
cell niche is boxed, and colors inside of box are enhanced. (C) Transcriptome
analysis revealed that a large number of angiosperm root meristem specific
genes have homologs expressing in the root tip of the lycophyte Selaginella
moellendorffii (Huang and Schiefelbein, 2015). In Arabidopsis, FEZ is required
for LRC formation. The lycophyte root cap is an apparently analogous
structure. Interestingly, S. moellendorffii expresses a set of FEZ-related genes
in its roots suggesting the possibility of deep homology of factors regulating
root cap development. The phylogenetic tree shows the well supported
FEZ-clade, after Huang and Schiefelbein, 2015, including sequences from
Selaginella moellendorffii (Sm), Picea abies (Pa), Oryza sativa (Os), and
Arabidopsis thaliana (At). Poorly supported branchings are collapsed.

THE ROOT MERISTEM: A MIRROR
IMAGE OF THE SHOOT MERISTEM?

Auxin and cytokinin as well as specific TFs are required for
establishing and maintaining the RAM. Key TFs for maintenance
of the QC and the stem cell niche are the PLTs (see above;
Aida et al., 2004), the GRAS-type TFs SCARECROW (SCR) and
SHORTROOT (SHR) (Sabatini et al., 2003), and the WUSCHEL-
related homeobox5 (WOX5) (reviewed in Heyman et al., 2014).
Interestingly, a recent study now link these factors, as both PLT
and SCR were shown to interact with a third type of TF of the TCP
type (Shimotohno et al., 2018). This PLT–SCR–TCP complex
activates WOX5 expression, which is required for keeping stem
cells, in particular columella stem cells undifferentiated. While
PLT and SCR have broader activity domains, the WOX5 gene is
specifically expressed in the QC (Sarkar et al., 2007). However,
WOX5 acts non-cell autonomously because in the wox5 mutant
columella stem cells show signs of differentiation (Figure 2B;
Sarkar et al., 2007). Hence, WOX5 may constitute the signal that
was suggested by QC ablation experiments to emanate from the
QC to maintain columella initial cells undifferentiated (van den
Berg et al., 1997). The WOX5 protein has been shown to repress
differentiation by forming a complex with a conserved repressor
protein (Pi et al., 2015). WOX5 expression is restricted to the QC
by peptide signaling from differentiated cells in the columella.
This involves the CLE40 peptide which signals through the
Arabidopsis CRINKLY4 (ACR4) receptor kinase (Stahl et al.,
2009). This regulation is interesting from an evolutionary point
of view because the WOX5 paralog WUSCHEL (WUS), which
is active specifically in the organizing center of the SAM and
required to maintain its stem cells, is similarly regulated by
paralogous peptides and receptors (Stahl and Simon, 2010). Here,
the CLV3 peptide signals from the outer L1 layer to restrict WUS
to the central SAM a few cell layers below. Thus, if the RAM and
the SAM are maintained by homologous factors, is this suggesting
a common evolutionary origin for the two meristems?

While little is known of the evolutionary history of PLT and
SCR type TFs, the WOX5/WUS genes have been studied more
intensively. Despite being active in the two different meristems,
the protein function of WOX5 and WUS has been conserved, as
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shown by their interchangeability: WUS can restore a functional
QC in a wox5 mutant when directed by the WOX5 promoter-
sequence, and WOX5 can compensate for loss of WUS in
a similar type experiment (Sarkar et al., 2007). Tracing the
phylogeny of WUS/WOX5 genes revealed orthologs of both WUS
and WOX5 in both conifers and Ginkgo, but ferns have only
one basal ortholog to these paralogous genes (Hedman et al.,
2013). Thus, a gene duplication that gave rise to its co-orthologs
WUS and WOX5 likely took place in the lineage leading to the
seed plants. In C. richardii, the single ortholog CrWUL marks
pluripotent cells in the shoot apex and also the proximal part of
the root meristem, albeit not the root apical cell nor the distal
side where the root cap is located (Nardmann and Werr, 2012).
Assessing the ability of the fern and gymnosperm homologs
to rescue the Arabidopsis wus or wox5 mutant phenotypes,
Zhang et al. (2017) found that both gymnosperm WUS and
WOX5 homologs have conserved protein function, whereas the
CrWUL protein was not able to replace neither WUS nor WOX5
(Figure 2B), unless it was specifically expressed in the columella
initials. This shows that CrWUL has lost its cell-to-cell mobility,
at least when expressed in Arabidopsis, but that it does have the
possibility to interact in a similar molecular context and repress
differentiation. In C. richardii, this is likely not relating to root
cap development, as its activity domain is proximal to the apical
cell of the meristem (Nardmann and Werr, 2012). Hence, this
suggests that the central function for WUS/WOX5 factors to
suppress differentiation is conserved in all euphyllophytes, but
that special functions of WOX5 involving cell-to-cell movement
between QC and columella have evolved in the seed plant lineage
(Zhang et al., 2017). Thus, it is conceivable that following the
polyploidization event that took place in the seed plant lineage
(Jiao et al., 2011), a duplication of an already established genetic
circuit allowed diverging in activity patterns, with one circuit
regulating SAM and the other RAM maintenance. However,
because CrWUL is active both in the fern RAM and SAM
(Nardmann and Werr, 2012), the hypothesis, stating that the
WOX5 circuit evolved from a SAM regulatory WUS circuit to
control RAM, is maybe less likely. Instead, the WUS/WOX5
ability to promote stem cell maintenance under the control
by peptide-mediated receptor kinase signaling with a potential
for directional signaling could have been an efficient way of
positioning a stem cell niche, that therefore would have been co-
opted in different contexts during evolution. Indeed, WOX4, a
more distant paralog still belonging to the same major clade as
WUS/WOX5, similarly maintains the cambial stem cell niche.
WOX4 is regulated by a CLE peptide (CLE41/TDIF) emanating
from the phloem side of the cambium, sensed by a receptor
kinase (PXY/TDR) in the cambium (Etchells et al., 2016). Thus,
in common, there is a directional peptide signaling positioning
the central region of a stem cell niche. The components for
homologous peptide/receptor kinase signaling appear conserved
in land plants (Nikonorova et al., 2015). It will be very interesting
to know if CrWUL is similarly controlled by peptide/receptor
kinase signaling, or if this evolved in the seed plant lineage.

In a recent opinion paper, Liu and Xu (2018) discuss the
potential importance of a seed plant specific gene duplication
of other paralogous WOX genes, belonging to the “intermediate

clade WOX” (IC-WOX; Hedman et al., 2013), for the allorhizoic
root evolution in seed plants. IC-WOX genes are found in
vascular plants (Liu and Xu, 2018). In the fern C. richardii, the
IC-WOX homolog expresses specifically and transiently in root
founder cells, during lateral and adventitious root development,
suggesting that it is critical for root initiation (Nardmann and
Werr, 2012). Similarly, its co-orthologs, AtWOX11/12 expresses
specifically in root founder cells during adventitious rooting
(Hu and Xu, 2016; Liu et al., 2014). Intriguingly, the paralogs
AtWOX8/9 instead express specifically in the hypophyseal cell of
the embryo, which gives rise to the QC and columella precursors
of the seed plant primary/allorhizoic root (Breuninger et al.,
2008). In both the adventitious roots and the embryonic root
meristem WOX5 expression is initiated at a slightly later stage.
Thus, Liu and Xu (2018) proposes that the gene duplication
within the IC-WOX clade, which resulted in the WOX11/12
genes that retained activity in adventitious root initiation and
the WOX8/9 genes that evolved a novel activity specifying an
embryonic cell as a root founder cell, may have paved the way for
a new type of root meristem giving rise to the allorhizoic/primary
root.

THE ROOT CAP – PROTECTING,
SENSING, AND SIGNALING

The RAM is maintained at the tip of the root, and as the root
penetrates the soil there is an apparent risk of damaging this
delicate structure. Hence, there most likely has been a strong
selection force for the evolution of a structure protecting the
RAM. Indeed, in all extant vascular plants, both euphyllophytes
and lycophytes, the RAM is protected by a root cap (Kumpf and
Nowack, 2015). The root cap consists of a columella and LRC. It
facilitates the root’s growth in soil due to production of mucilage,
exudes various molecules, and may release long-lived cells into
the rhizosphere to repel pathogens and attract symbionts (Kumpf
and Nowack, 2015). Moreover, the root cap functions as a
gravity-sensing organ rendering positive gravitropism to the root.
For this purpose, the columella, in some plants also the LRC,
harbors starch-containing amyloplasts, also called statoliths. The
statoliths sediment with the gravity vector, which is sensed by the
cell. In response, auxin flux in the RAM is modified, resulting in
differential elongation of cells, and consequentially bending of the
root tip with the gravity vector (Su et al., 2017). Furthermore, the
LRC contributes hormonal cues that specifies cells competent for
branching, thereby influencing how the entire root system may
develop (Xuan et al., 2016). Thus, the root cap is a vital organ
for the plant. This is consistent with the early and independent
evolution of a root cap in lycophytes as well as in euphyllophytes.

There is quite a large variation in how the root cap is
organized within root meristems of different species, and a
number of different types have been described. The root cap can
be clearly delimited from the QC and has its own stem cells
as in Arabidopsis, which is therefore said to have a “closed”
configuration. In other plants, such as in pea, the root cap
initial cells are not clearly distinguishable from the QC and those
meristems are said to be “open” (Kumpf and Nowack, 2015).
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Gymnosperm meristems are open with no clear boundary
between root cap initials and QC. Furthermore, in certain
lycophytes, as in ferns, there is a single apical cell dividing in a
distinct pattern to give rise to all cell types of the root, including
the root cap, while in other lycophytes the meristem structure
more resembles that of seed plants, and they can be either open
or closed (Fujinami et al., 2017). A remarkably well preserved
fossil of a progymnosperm with an active root meristem displays
a clearly identifiable root cap surrounding a very broad meristem
(Hetherington et al., 2016). Tracing domains of clonally related
cells suggested that this carboniferous root meristem differed
in organization from any previously described root meristem
organization type. Hence, although extant plants display quite
a variation in meristem/root cap organization an even greater
diversity is likely to have existed in extinct plants. Intriguingly, all
must be or must have been able to accommodate for a constant
replenishing of their root caps.

As the root grows through the soil, the root cap cells are
sloughed off or become released from the LRC via programmed
cell death (Fendrych et al., 2014; Kumpf and Nowack, 2015).
Hence, there is a need to produced new columella and LRC cells
at the same rate as cells are lost. In Arabidopsis, the activity
of WOX5, required for columella stem cell fate (Sarkar et al.,
2007), is balanced by the activity of a TF of the NAC-family,
called FEZ, which instead promotes the formation of LRC initials
(Willemsen et al., 2008). FEZ also activates another NAC TF,
called SOMBRERO (SMB), which together with BEARSKIN1
and 2 promotes the differentiation of LRC cells. SMB in turn
represses FEZ to prevent overproduction of LRC cells, while
WOX5 represses SMB, thereby controlling a precise development
of the columella and LRC (Bennett et al., 2010, 2014). Despite
the evolutionary importance of the root cap, surprisingly few
studies exploring putative key genetic circuits shaping root cap
development have been carried out in a comparative context.
Recently, a transcriptome analysis of S. moellendorffii roots,
comparing transcripts of the DZ and the EDZ, identified genes
related to FEZ to be active in the roots of this lycophyte
(Figure 2C; Huang and Schiefelbein, 2015). Detailed expression
analyses and functional studies of these homologs may help us
further understand the evolution of the root cap.

CELL-TO-CELL SIGNALING
DETERMINES THE PATTERNING OF THE
STELE

A vascular system with xylem and phloem that provides efficient
transport of water, mineral nutrients, sugars, hormones, and
other signaling molecules was a key evolutionary innovation,
predating the evolution of true roots (Figure 1; Kenrick and
Strullu-Derrien, 2014; Taylor et al., 2009). As the root meristem
generates cells within the DZ, these cells acquire specific
identities, primarily depending on their position relative to each
other (Yu et al., 2017). The procambium, the meristematic
tissue from which the primary vascular tissues are derived, is
localized in the center surrounded by the ground and dermal
tissues. Within the procambium xylem and phloem precursor

cells are patterned in a species-specific manner, in most roots
in a protostele arrangement. In a protostele, xylem forms in
the center and may be arching out in distinct patterns, flanked
by procambium and phloem. This pattern is established already
in the embryo and propagated by the RAM (De Rybel et al.,
2016). In Arabidopsis, the stele has a diarch arrangement, i.e.,
an axis of xylem traverses the stele. Within the stele, two types
of primary xylem vessels are formed: protoxylem with spiral
or annual secondary cell walls, and metaxylem with reticulated
or pitted walls. Protoxylem develops at the periphery of the
axis, while metaxylem later differentiates at the center of the
stele. This is an exarch pattern. Also in lycophyte roots, a
protostele is common, but here the xylem pattern is opposite
to most other plants, and protoxylem forms in the center and
metaxylem toward the periphery (endarch pattern). In certain
lycophyte roots, the endarch vascular tissues instead surrounds
a pith, in a siphonostele arrangement. In monocots, multiple
xylem strands may surround a pith, but as in other angiosperms,
the xylem forms in an exarch pattern, with metaxylem toward
the pith and protoxylem toward endodermis (Taylor et al.,
2009).

The vascular pattern in Arabidopsis is determined by a
number of evolutionarily conserved factors, including hormones
and TFs. Auxin synthesis, transport, and signaling are required
for the establishment of the central stele (De Rybel et al.,
2016). Auxin is needed to break the initial radial symmetry of
the root with the formation of a xylem axis (De Rybel et al.,
2014; Bishopp et al., 2011). This process is reinforced by the
antagonistic action of cytokinin, which in turn is required for
cell proliferation in the neighboring procambium. High auxin
levels triggers activation of the AUXIN RESPONSE FACTOR 5
(ARF5)/MONOPTEROS (MP). MP in turn activates TARGET
OF MONOPTEROS5 (TMO5) in the xylem axis (Schlereth et al.,
2010). TMO5 then directly activates cytokinin biosynthesis (De
Rybel et al., 2014; Ohashi-Ito et al., 2014). The presumably
high cytokinin level is not sensed within the xylem axis, but
instead in the neighboring procambial cells, to which it diffuses
or is transported. In the procambium, cytokinin promotes cell
division, but it also promotes auxin transporters (PINs) that move
auxin toward the xylem axis (Bishopp et al., 2011). The high
auxin level in the xylem axis also activates a specific cytokinin
signaling component, AHP6, which instead of transmitting the
cytokinin signal acts to inhibit it (Bishopp et al., 2011). Hence,
in Arabidopsis there is a mutually inhibitory action of auxin and
cytokinin which is defining the root vascular pattern (Figure 3).
If any of these components are disturbed, this will alter the
pattern of xylem and procambium in the stele; in particular, the
protoxylem is sensitive to perturbations of auxin and cytokinin
(Bishopp et al., 2011).

Patterning of the root xylem axis with peripheral protoxylem
and central metaxylem requires TFs of the class III homeo-
domain leucine zipper (HD-ZIP III) family, regulated by miR165
and miR166 (Carlsbecker et al., 2010; Miyashima et al., 2011,
reviewed in Ramachandran et al., 2017). The HD-ZIP III
genes as well as miR166 have homologs in all land plants
(Floyd and Bowman, 2004, 2006; Prigge and Clark, 2006). In
moss gametophytes, HD-ZIP III TFs regulate leaf development
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FIGURE 3 | Regulatory circuits of highly conserved hormones and genes
regulate Arabidopsis root stele patterning. The cartoon shows a cross section
of the stele surrounded by the endodermis just above the vascular
initials/stem cells. Different cell identities are indicated by colored cell walls.
The xylem axis is specified by a focused auxin (IAA, red) maximum. This is a
result of lateral PIN-mediated transport of IAA from procambial cells to the
xylem axis (Bishopp et al., 2011). In the xylem axis, IAA activates MP, which in
turn activates TMO5. TMO5 activates LOG4, encoding the last step in
cytokinin (CK) biosynthesis (De Rybel et al., 2014; Ohashi-Ito et al., 2014).
Cytokinin is not sensed in the xylem axis but moves to the procambium. Here,
it triggers cell division, as well as activation of PINs for lateral IAA transport to
the xylem axis. MP in the axis also activates AHP6, and AHP6 negatively
interferes with CK sensitivity, required for proper protoxylem cell identity
(Bishopp et al., 2011). PHB is transcribed throughout the stele, in an IAA
biosynthesis dependent manner (Ursache et al., 2014). SHR is also
transcribed in the stele, but the SHR protein moves out to the endodermis
(Nakajima et al., 2001). Here it activates SCR, and together they activate a set
of genes for miR165 and miR166. These miRNAs then move back into the
stele to restrict PHB mRNA from the stele periphery, and thereby focus PHB
activity to the central stele. PHB along with other HD-ZIP III TFs dose
dependently determine proto- and metaxylem cell identity (Carlsbecker et al.,
2010). Activation of miR165 and 166 also requires basic levels of ABA
(Ramachandran et al., 2018). Upon drought stress (inset), ABA levels are
increased enhancing miR165 levels, resulting in reduced PHB levels, which
consequently shifts xylem cell identity toward formation of more protoxylem
cells and less metaxylem. Arrows indicate positive and blocked arrows
negative interactions. Dashed arrows indicate cell-to-cell movement.

(Yip et al., 2016). Because bryophytes are non-vascular plants,
these factors must have been recruited to regulate vascular
development during the evolution of vascular tissues. Indeed,
HD-ZIP III expression is detected in vascular tissues in
lycophytes (Floyd and Bowman, 2006; Prigge and Clark, 2006). In
Arabidopsis, the HD-ZIP III family includes five members, and
mutant phenotypes suggest that they dose dependently specify
the xylem cell type identity. Plants lacking all five HD-ZIP III
transcription factors fail to develop xylem (Carlsbecker et al.,
2010). The miR165/166 regulating HD-ZIP III in the root are
produced in the endodermis where they are activated by SHR
together with its paralog SCR. SHR is produced in the stele

but moves out to the endodermis to activate SCR (Helariutta
et al., 2000). Together, these TFs induce the expression of genes
coding for miR165 and miR166, which in turn move back into
the stele. At the peripheral stele, high levels of miR165 and
miR166 strongly reduces the abundance of HD-ZIP III mRNA,
in particular of PHABULOSA (PHB). The relatively low HD-
ZIP III protein level determines protoxylem cell identity, while
less miR165/166 in the center allow high levels of HD-ZIP III
TFs governing metaxylem formation (Figure 3; Carlsbecker et al.,
2010; Miyashima et al., 2011). The HD-ZIP III TFs are tightly
interlinked with auxin and cytokinin signaling. All HD-ZIP III
genes are directly or indirectly requiring auxin biosynthesis for
their transcriptional activation (Ursache et al., 2014), and in turn
they modulate both auxin and cytokinin signaling and synthesis
components (Carlsbecker et al., 2010; Dello Ioio et al., 2012;
Müller et al., 2016). Because of the complex interactions between
hormones, TFs and small RNAs, mathematical modeling have
been employed to assess what components and parameters are
required for reaching a protostele pattern with a traversing xylem
axis with peripheral protoxylem and central metaxylem (Mellor
et al., 2017).

Although the vascular pattern is inherently distinctive for
distinct species, it also appears to be plastic within a species
to some degree, allowing endogenous and externals cues to
modify the pattern. Abiotic stress, such as drought, results in
a vascular pattern with extra protoxylem strands flanking the
central metaxylem in Arabidopsis (Ramachandran et al., 2018).
Drought stress is mediated by the hormone abscisic acid, ABA,
and ABA applications result in a similar pattern as drought.
This pattern is similar to lower order HD-ZIP III mutants,
and indeed, elevated ABA cause increases in miR165, resulting
in reduced HD-ZIP III levels (Figure 3, inset; Ramachandran
et al., 2018). The levels of miR165 and miR166 have been
found to vary with external conditions in a variety of species
(Zhao et al., 2007; Liu et al., 2008; Ding et al., 2009) suggesting
that modulation of their activity has the potential to change
developmental patterning also in these species. It will be very
interesting to see if these factors and the auxin/cytokinin balance
may underlie the distinct vascular patterning of various species.
Among the angiosperms the monocots display a rather different
arrangement, with a siphonostele. Importantly, there was a recent
report of fluorescent auxin and cytokinin signaling reporters
in barley plants, allowing live tracking of hormonal signaling
(Kirschner et al., 2018). Such an approach will be needed to
understand if and how auxin and cytokinin pattern also the
monocot root vasculature. It is obvious that polar auxin transport
plays an important role in vascular development in extant plants,
but fossil evidence also suggest it was important in now extinct
plants. Stunningly, analyses of wood of fossil plants of both
arborescent lycophytes and progymnosperms reveal a circular
pattern of treachery elements above buds and branch junctions in
stems (Rothwell et al., 2009). Such patterns are also seen in extant
trees and emanates from routes of polar auxin transport. Thus,
this provides evidence for polar auxin transport in vascular tissue
formation in 375 million years old lycophytes, and suggests that
canalization of auxin was coupled to the evolution of vasculature
tissues (Rothwell et al., 2009). Recently, Zhu et al. analyzed the
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transcriptome of S. moellendorffii stems and found that many
key factors, such as SHR/SCR, HD-ZIP III, and TMO5, have
homologs in this lycophyte although certain components of the
gene regulatory network required for Arabidopsis root vascular
patterning were not identified. Thus, the regulatory mechanisms
of lycophyte vascular development is perhaps less complex or
involves different components than in flowering plants (Zhu
et al., 2017). Modeling may generate hypotheses for how patterns
such as the siphonostele, or the endarch protostele pattern of
lycophytes are established. Such hypotheses may be tested by
mapping gene expression and regulatory networks in lycophytes
and other phylogenetically informative species.

THE STELE ENSURES IT IS
SURROUNDED BY A SINGLE GUARDING
ENDODERMAL LAYER

The central function for the root is to take up water and mineral
nutrients. In this process, the endodermis forms an apoplastic
barrier with the Casparian strip and suberin lamellae restricting
diffusion of water nutrients, and thereby allowing a controlled
uptake (for reviews, see Geldner, 2013; Barberon and Geldner,
2014). This very specialized cell layer likely evolved at least
twice, in the lycophytes and in the euphyllophytes. Fossils of
early species of each of these two lineages apparently lacked
an endodermal layer, and extant Lycopodium does not have a
root endodermal layer (Raven and Edwards, 2001; Kenrick and
Strullu-Derrien, 2014; Raven, 2018). Hence, the endodermis may
have evolved as a relatively recent innovation in each lineage
(Figure 1). The endodermis is the inner layer of the ground
tissue of the root, which outside of the endodermis harbors the
cortex. The cortex generally consists of parenchymatic cells and
can provide several different functions such as storage or, by the
formation of aerenchyma, means to improve flooding tolerance.
The outer layer of the cortex may also develop an exodermis, a
first barrier inside the epidermis (Kim et al., 2018).

In all plants that have an endodermis, there is only one
layer, just next to the stele. Thus, genetic mechanisms have to
operate to delimit the specific differentiation to only this ground
tissue layer. The prevailing hypothesis of how plants ensure the
formation of a single endodermal layer just outside the stele
relies on molecular communication from the stele providing
both positional information and information for endodermal
differentiation (Wu et al., 2014; Doblas et al., 2017b). In
Arabidopsis, both ground tissue layers, cortex and endodermis,
originate from the same cortex/endodermis initial stem cell
(CEI) which first divides anticlinally. The daughter cell then
undergoes an asymmetric periclinal division to produce one
endodermal and one cortical cell layer (Figure 4A). If either
SHR or SCR is mutated, this periclinal division does not occur,
and only one ground tissue layer is formed (Di Laurenzio et al.,
1996; Helariutta et al., 2000). In the shr mutant, this layer
exhibits cortex characteristics suggesting that SHR is required for
endodermis differentiation (Helariutta et al., 2000), while in the
scr mutant, the single layer exhibits a mix between cortex and
endodermis characteristics (Di Laurenzio et al., 1996). Important

for the positioning of the endodermis just outside of the stele
is the movement of SHR into the neighboring outer cell layer
from the stele, where it is expressed (Nakajima et al., 2001). Here,
SHR activates SCR, with which it forms a complex in the nucleus
(Cui et al., 2007; Welch et al., 2007). This prevents SHR from
moving further and prevents additional periclinal cell divisions
thereby ensuring the formation of only one endodermal layer.
Together, SHR and SCR trigger the asymmetric periclinal cell
division resulting in the endodermal and cortex layers by direct
induction of cyclin D6;1 (CYCD6;1) (Figure 4A; Sozzani et al.,
2010).

Wu et al. (2014) tested the potentially conserved functions
of monocot SHR by introducing SHR homologs from
Brachypodium distachyon, BdSHR, and Oryza sativa (rice),
OsSHR1, and OsSHR2, into Arabidopsis (Figure 4B). As
expected, both BdSHR and OsSHR1/2 were able to activate and
bind to Arabidopsis SCR. However, the movement of the SHR
homologs was not restricted to one layer, but they continued
moving, triggering the formation of additional cortex, but not
endodermal layers (Figure 4B; Wu et al., 2014). Thus, this
finding may uncover a potentially important role for SHR/SCR
to trigger multiple cortex divisions. It is likely that this is
an important mechanism in monocots that often have many
cortex layers. This experiment also revealed that SHR alone
is not sufficient to induce endodermis differentiation. Instead,
additional conserved signals from the stele together with SHR
are likely required for determination of a single endodermal
layer. SHR and SCR are highly conserved. In conifers, the
Pinus sylvestris (PsySCR) homolog is specifically expressed in
the endodermis and the ground tissue initials (Laajanen et al.,
2007) and also SHR homologs have been found in conifer
roots (Solé et al., 2008). Going even further back the land plant
phylogeny, Zhu et al. (2017) found SHR and SCR homologs
in the transcriptome of S. moellendorffii roots, stems, and
leaves. However, the presence of homologous genes might
be a good first indication but does not necessarily mean that
the function is conserved as well. For instance, SCR and SHR
homologs were also found to be essential for bundle sheath
specification in leaves (Cui et al., 2014; Yoon et al., 2016). Thus,
more detailed analyses are required to test the hypothesis that
these homologs perform similar functions as their Arabidopsis
homologs.

The differentiation of the endodermis involves the formation
of a Casparian strip, specific depositions of lignin in the cell wall
between the endodermal cells, providing an apoplastic barrier.
Next step is incorporation of a suberin-containing lamellae in
the wall, while specific cells are passage cells and are kept
open for intake of molecules (Geldner, 2013; Doblas et al.,
2017a; Andersen et al., 2018). In this process, SHR acts at
the top of a gene regulatory cascade, and directly activates
another key TF, MYB36, and these two TFs activates genes
for both Casparian strip and suberin lamellae differentiation
(Kamiya et al., 2015; Liberman et al., 2015). Interestingly, a stele
derived peptide, which signals into the endodermal layer, ensures
proper maintenance of the Casparian strip, providing additional
molecular surveillance from the stele on the endodermis (Doblas
et al., 2017b). Recently, a study found that the genetic regulation
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FIGURE 4 | Variability in ground tissue layer number is guided by conserved regulatory mechanisms. (A) In Arabidopsis, the cortex/endodermis initial stem cell (CEI)
undergoes an asymmetric periclinal cell division to give rise to endodermis and cortex. This is controlled by the movement of the transcription factor SHORTROOT
(SHR) into the CEI (Nakajima et al., 2001). Here, SHR becomes nuclear localized and is prevented from further movement to neighboring outer cell layer by
complexing with SCR. In the CEI, SHR directly activates transcription of the D-type cyclin CYCD6;1, which is required for its specific cell division (Sozzani et al.,
2010). A correct patterning with one endodermis and one cortex cell layer also requires the restriction of PHABULOSA (PHB) to the stele by the action of the
endodermally expressed miRNA165/6 (Miyashima et al., 2011). (B) When SHR homologs from Brachypodium distachyon (BdSHR) or Oryza sativa, rice (OzSHR1/
OzSHR2) are heterologously expressed in Arabidopsis, the SHR protein moves beyond the neighboring endodermis, and induces an extra cortical cell layer (Wu
et al., 2014). Blue highlights indicate heterologously expressed proteins. (C) In Cardamine hirsuta, PHB is not restricted to the stele due to a different miRNA165/6
activity domain. The expanded PHB activity domain results in the formation of a cortex/endodermis mixed (CEM) cell. Here, PHB activates CYCD6;1 resulting in a
division, and thereby the formation of an additional cortex cell layer (Di Ruocco et al., 2018). Orange highlights indicate differences in expression domains compared
to Arabidopsis. Arrows indicate positive interaction, and blocked arrows indicate negative interaction. Dashed arrows indicate cell-to-cell movement.

of endodermis formation is highly conserved in tomato (Solanum
lycopersicon) (Li et al., 2018), but the genetic regulation of
endodermis differentiation might be conserved also outside
of angiosperms. Indeed, phylogenetic analyses could identify
homologs to many other key factors in all plants with an
endodermis (Li et al., 2018). However, although CASP proteins,
responsible for localization of the Casparian strip, are highly
conserved among plants, only euphyllophytes have CASPs with
a specific protein domain important for their function (Roppolo
et al., 2014). Continued research into evolutionary aspects of
the components now rapidly being discovered in Arabidopsis
promises to shed light on endodermis evolution within a close
future.

While the function of the endodermis as a barrier for
water and nutrient uptake is well established, the purpose of
varying amounts of cortex layers is less obvious. Upon the
observation that cortex proliferation can be induced by oxidative
stress, Cui (2015) speculated that cortex proliferation might be
a protective mechanism against abiotic stress. On the other
hand, there is evidence for a trend in plant evolution to
produce thinner roots, presumably to improve the efficiency of
soil exploration and to reduce the dependence on symbiotic
mycorrhiza (Ma et al., 2018). Accordingly, a reduced root
cortical cell file number in maize was correlating with improved
drought tolerance (Chimungu et al., 2014). A recent study
identified a mechanism for generating multiple cortex layers in

Cardamine hirsuta, a close relative of Arabidopsis. Di Ruocco
et al. (2018) showed that levels of miR165/166 not only are
important for vascular development (see above) but also for the
determination of cortical cell number in C. hirsuta. Enhanced
MIR165A expression causes the formation of only one instead
of two cortical cell layer, while reduced miR165/6 activity in
Arabidopsis caused additional formation of cortex layers by
an expanded expression domain of PHB triggering CYCD6;1
activation, similar to SHR/SCR (Figure 4C; Di Ruocco et al.,
2018). Thus, small changes in miRNA activity can have a big
impact on root anatomy and may underlie anatomical differences
between species.

OUTLOOK

As we have seen, we have quite a detailed understanding on
how morphogenesis and anatomy of the Arabidopsis root is
established. How the broadly similar morphology and anatomy of
distantly related monocot, gymnosperm, fern, or lycophyte roots
are genetically controlled is, however, largely unknown. A better
understanding of the underlying genetic regulation will allow us
to view the evolution of roots in a clearer light. Although roots
are essential for almost all vascular plants, for agriculture, and
for ecosystems we have a rather limited understanding of how
this essential organ has evolved, but also how its development
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is regulated in most species. Hence, despite the importance of
roots, there are quite a few outstanding questions remaining
to be answered. Has the root evolved as a modified shoot, as
the presence of homologous regulatory factors may suggest.
Or is the root an entirely novel organ, as the opposite auxin
transport patterns in the shoot and root meristem indicates.
Is the primary, allorhizous, seed plant root homologous with
the adventitious, homorhizous, roots of ferns? Is there “deep
homology” as potentially indicated by the identification of
putative homologs to key root development regulators in
lycophytes? How could complex and central structures for root
function such as the root cap and the endodermis have evolved
independently both in lycophyte and euphyllophyte roots? How
did the intricate cell-to-cell communication required for root
patterning evolve?

Addressing these and other questions will be facilitated by
the very rapid technology development and data generation
from next-generation sequencing approaches. Current efforts
in characterizing transcriptome and genome sequences of the
lycophyte S. moellendorffii (Banks et al., 2011), several fern
species, including C. richardii (Wolf et al., 2015), the conifer
Picea abies (Nystedt et al., 2013) in addition to the vast amount
of data that is accumulating for non-vascular “outgroup” plants,
such as the moss Physcomitrella patens (Rensing et al., 2008) and
the liverwort Marchantia polymorpha (Bowman et al., 2017), are
providing information on genetic advances that occurred during
land plant’s first evolutionary steps as well as when the seed
plants evolved, and beyond. Initiatives to sequence the genomes
of yet a large number of phylogenetically important vascular
plants, both non-seed plant and seed plants, within the 10K
initiative, which is leveraging the 1K effort of sequencing 1000
plant genomes (Cheng et al., 2018), will most likely substantially
contribute to illuminating various aspects of how roots may have
evolved.

At the same time as we are exploring the vast diversity
among species and their morphologies and anatomies, it will
be important to develop non-angiosperm models of vascular
plants (Schulz et al., 2010). Models allow building of knowledge
within a research community, for detailed comparative studies
with non-model plants by various approaches. It will be essential
to establish protocols for transformation of plants to allow
reverse genetics. Currently, there is an efficient transformation
protocol for the fern C. richardii (Plackett et al., 2014), A.
filiculoides is emerging as another rapidly growing fern model
with great potential (de Vries and de Vries, 2018), several species
of Selaginella are emerging lycopod models (Schulz et al., 2010),
and transformation protocols and various resources exist for
the conifer P. abies (Uddenberg et al., 2015). Furthermore, in
a model species detailed gene expression analyses using laser
capture microdissection coupled to RNA sequencing, or even
single cell approaches, are feasible, and will provide opportunities

to build detailed gene expression maps. This will be instrumental
for co-expression analyses and construction of gene regulatory
networks. Such networks can be compared with the detailed
gene regulatory network around key developmental regulators
in Arabidopsis (Taylor-Teeples et al., 2014; Santuari et al.,
2016; Drapek et al., 2017) to allow inferences of important
shifts potentially underlying evolutionary novelties. Together
with hormone signaling localization and detailed morphological
and anatomical studies of potential changes resulting from
external signaling or perturbation, it would allow inferring
developmental core modules responsible for specific features.
In such a system meaningful heterologous complementation
experiments can be conducted with key genes from closely or
distantly related species, to test conservation of protein function.
In Figures 2–4 we point out various approaches by which
knowledge of a process in the model plant Arabidopsis can be
used to widen our understanding of similar processes in other
plants. With established fern and lycopod models we can extend
this type of analyses substantially. Along with transcriptome
data from a dense phylogenetic sampling, we are on the way to
a comprehensive understanding of the underlying genetic key
factors for morphological features such as the RAM, root cap,
endodermis, or specific stele patterns. Mirroring morphological
and anatomical outcomes of genetic and hormonal perturbation
experiments with the phenotypes of extant, but also extinct fossil
morphologies and anatomies, will allow us to formulate specific
and testable hypotheses on how genetic networks may be rewired
during evolution to generate novel morphologies, or even novel
organs – such as the repeated evolution of roots. There are indeed
exciting times ahead when we dig deeper into the evolution and
developmental biology of plant roots.
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The megagametophyte of mature seeds of Araucaria angustifolia consists of cells with
thin walls, one or more nuclei, a central vacuole storing proteins, and a cytoplasm rich
in amyloplasts, mitochondria and lipid bodies. In this study, we describe the process of
mobilization of reserves and analyzed the dismantling of the tissue during germination,
using a range of well-established markers of programmed cell death (PCD), including:
morphological changes in nuclei and amyloplasts, DNA degradation, and changes in
nuclease profiles. TUNEL reaction and DNA electrophoresis demonstrate that DNA
fragmentation in nuclei occurs at early stages of germination, which correlates with
induction of specific nucleases. The results of the present study add knowledge on the
dismantling of the megagametophyte of genus Araucaria, a storage tissue that stores
starch as the main reserve substance, as well as on the PCD pathway, by revealing
new insights into the role of nucleases and the expression patterns of putative nuclease
genes during germination.

Keywords: Araucaria angustifolia, PCD, nucleases, starch, Cys-EP, megagametophyte, germination

INTRODUCTION

In seeds of both Gymnosperms and Angiosperms, stored nutrients must be mobilized to support
germination and early seedling growth (Young and Gallie, 2000a; Bewley et al., 2013). During
germination, the main seed storage tissues, i.e., the endosperm, the perisperm, or both (in
Angiosperms), and the megagametophyte (in Gymnosperms), undergo programmed cell death
(PCD) In Angiosperms, the mobilization of lipids and proteins from lipid and protein bodies
during germination has been studied in seeds of several species. In cereal seeds, for example,
it is well documented that cells of the aleurone layer lack a central vacuole and store proteins
and lipids in protein vacuoles and lipid bodies, respectively. It is also known that vacuole fusion
is necessary for the establishment of the large central vacuole, which is the site where various
hydrolytic enzymes and other molecules involved in PCD are localized (Zheng et al., 2017), and that
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damages to the integrity of the tonoplast alter the integrity of the
plasma membrane, causing the collapse and subsequent death of
the cell (Bethke et al., 1999). A similar process has been described
in the endosperm of Dicots species such as tomato (Bewley et al.,
2013), Datura ferox (Mella et al., 1995), and castor bean (Gietl
and Schmid, 2001). However, in Gymnosperms, to date, the
cell death of the megagametophyte during the mobilization of
reserves is understudied and the process has been described only
in Araucaria bidwillii (Casani et al., 2009) and Picea glauca (He
and Kermode, 2003).

The megagametophyte of mature seeds of Araucaria
angustifolia consists of cells with thin walls, one or more nuclei,
a cytoplasm that is rich in amyloplasts, mitochondria and lipid
bodies and a central vacuole that stores proteins (Panza et al.,
2002). Starch is the most conspicuous reserve (Panza et al.,
2002). The high water content characterizing A. angustifolia
mature seeds (ca. 40%) is contained in the large central vacuole.
Tompsett (1984) examined the relationship between seed
moisture content and germination after desiccation in nine
Araucaria species and established three moisture content groups:
a group composed of A. araucana, A. angustifolia, A. hunsteinii,
and A. bidwillii, which cannot be dried to below 25–40% without
damage; a second group composed of A. columnaris, A. rulei,
A. nemorosa, and A. scopulorum, which cannot be dried to
below 12% without damage; and a third group composed of
A. cunninghamii, which can be dried to 2% without damage.
This author also found that seeds of the first group are larger and
heavier and are mainly starchy, whereas those in the other groups
possess mainly lipid content, and are smaller and lighter. Starchy
seeds are found in species of a major clade of Araucaria that
includes the extant sections Araucana, Bunya, and Intermedia,
whereas oily seeds are found in species of the section Eutacta
(Setoguchi et al., 1998).

Several reports have shown that cells undergoing PCD
show the presence of some nucleases (deoxyribonucleases and
ribonucleases) (Sakamoto and Takami, 2014 and references
therein). To date, various plant deoxyribonucleases have been
reported. Of these, several endonucleases and an exonuclease
in Arabidopsis seem to act in leaf senescence because they were
shown to be inducible at the transcript level (Sakamoto and
Takami, 2014). During germination, endonucleases have been
identified in the aleurone layer of cereals (Young and Gallie, 1999;
Fath et al., 2000, among others) and in the embryo axes from
French bean (Lambert et al., 2014).

In addition to endonucleases, KDEL-tailed cysteine
endopeptidases (Cys-EPs), a group of papain-type peptidases,
have been found in senescing tissue. These peptidases are
synthesized as proenzymes with a C-terminal KDEL endoplasmic
reticulum retention signal (Schmid et al., 1998). The signal is
removed, and the enzyme separates from the endoplasmic
reticulum in small vesicles called ricinosomes. Cys-EPs are
able to digest extensins, which are the proteins that form the
basic support for the structure of the cell wall. Cys-EPs have
been detected in the endosperm of Ricinus communis (Schmid
et al., 2001), the epigeal cotyledons of Vigna mungo (Toyooka
et al., 2001), and the megagametophyte of Picea glauca (He and
Kermode, 2010) during germination, as well as in the micropylar

endosperm and suspensor of Chenopodium quinoa during seed
development (López-Fernández and Maldonado, 2013b).

In the present study, we assessed the PCD of the
megagametophyte of A. angustifolia seeds during germination,
with the objective to evaluate the expression and activity of
nucleases in cells that reserve starch, as well as the sequence
of autophagy and PCD during the process of mobilization of
reserves. After analyzing the previous reports mentioned above,
we inferred that the PCD pathway of the megagametophyte
of A. angustifolia is different from that of the aleurone layer
in cereals, since, in the former, the central vacuole already
exists and the main reserve is located in the plastids. The PCD
pathway in A. angustifolia should also be different from that
of the starchy endosperm of cereals (Young and Gallie, 1999,
2000b; Sabelli, 2012; Domínguez and Cejudo, 2014) and that
of the starchy perisperm of quinoa (López-Fernández and
Maldonado, 2013a; Burrieza et al., 2014), since, in these tissues,
PCD occurs during the development of the seed and is associated
with the accumulation and not with the dismantling of the
reserves. It should be clarified that, in Gymnosperms, the cell
death of the megagametophyte during the mobilization of
reserves has been investigated in Araucaria bidwillii (Casani
et al., 2009), a species that, like A. angustifolia, also produces
starchy seeds. In this species, necrosis (and probably also PCD
in some cells) was identified by DNA fragmentation, changes in
the size and morphology of nuclei, and a substantial increase in
proteolytic activities, including those of caspase-like proteases.
It is also worth mentioning that, in Araucaria araucana, starch
degradation is initiated by a-amylase and phosphorylase in the
embryo and by phosphorylase mainly in the megagametophyte
(Cardemil and Reinero, 1982; Cardemil and Varner, 1984).

To describe the PCD of the megagametophyte during
germination of A. angustifolia seeds, in the present study we
analyzed the mobilization of reserves at different times following
imbibition, and investigated the characteristics that define the
process of PCD and autophagy such as activation of Cys-
EPs, nuclear fragmentation and internucleosomal DNA cleavage.
Likewise, we analyzed genes of S1 nuclease-like endonucleases
and Staphylococcus nuclease-like (SN) endonucleases and a gene
with a DNase-RNase domain not classified as S1 or as Tudor
because it lacks these domains.

MATERIALS AND METHODS

Plant Material
Araucaria angustifolia seeds were collected from trees grown
in natural populations in the Botanical Garden “Arturo E.
Ragonese”-INTA Castelar, situated in Buenos Aires province,
Argentina (34◦40′S 58◦39′W), from March to May 2017. Seeds
were surface-disinfected with 5% NaClO for 15 min and then
allowed to germinate onto imbibed perlite in a growth chamber
under controlled conditions of 16 h light/8 h dark cycles
at 25◦C. At 14, 28, and 42 days after germination (DAG),
specifically following radicle protrusion, the seeds were dissected,
and the megagametophytes were either used fresh or milled
after freeze-drying and the flours stored at −80◦C until use.
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Experiments reported here were repeated with at least three
independent biological replicates; the results were comparable
across experiments, unless otherwise stated.

Sample Preparation for Histological
Analysis
Samples were collected at 0, 14, 28, and 42 DAG and prepared
for microscopy according to López-Fernández and Maldonado
(2013a) by fixation in 4% paraformaldehyde, 0.1 M phosphate
buffered saline (PBS) pH 7.2 for 24 h at 4◦C. After rinsing,
the samples were dehydrated in an acetone series, and then
embedded in Technovit 8100 (Kulzer and Co., Germany). Resin
was polymerized at 4◦C. The sections were stained with 0.5%
toluidine blue O (Sigma-Aldrich, St. Louis, MO, United States)
in aqueous solution, or used without staining procedure.

For the TUNEL assay, samples were fixed at 4◦C in 4%
paraformaldehyde (0.1 PBS; pH 7.2), dehydrated in a graded
ethanol series (30, 40, 50, 60, 70, 80, 90, and 100%) and embedded
in LRW resin (Polyscience, Inc., Warrington, PA, United States;
17411) as previously described by Harris et al. (1995). Semi-thin
sections (1 µm thick) were mounted on glass slides. To identify
starch and proteins, sections were stained with Lugol solution
(Biopack 151205, Argentina) and Amido Black (Anedra 6952,
Argentina), respectively (Jensen, 1962; Owens et al., 1993).

Evans Blue Staining
Megagametophytes at 0 and 42 DAG following germination were
stained with 1% Evans Blue for 1 min, destained with deionized
water for 1 h, and photographed under a dissecting microscope.

RNA Extraction and Semi-Quantitative
PCR (RT-PCR)
The megagametophytes from A. angustifolia seeds were
homogenized in liquid nitrogen with pestle and mortar, and
total RNA was extracted using the protocol described by Chang
et al. (1993). The quantity and purity of the RNA samples were
assessed using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, United States); samples with
260/280 nm and 260/230 nm ratios between 1.8–2.2 and 1.6–
2.2, respectively, were considered pure enough. The integrity
of the samples was confirmed by electrophoresis on a 1.5%
(w/v) agarose gel. Total RNA was treated with DNase I (New
England Biolabs). Then, first-strand cDNA was synthesized using
M-MuLV Reverse Transcriptase (New England Biolabs) and d(t)
20 oligonucleotide, following the manufacturer’s instructions.

Gene expression was evaluated through semiquantitative RT-
PCR. Nuclease primers were designed using Primer3Plus
Program (Untergasser et al., 2007). The endogenous
normalization was performed using Ubiquitin 1 gene (Schlögl
et al., 2012). The primer sequences are shown in Table 1. The
PCR reactions were conducted in a total volume of 25 µL
containing 5 µL of 1:10 diluted cDNA, 0.5 U Taq polymerase
(Invitrogen), 0.2 mM dNTP, 0.1 µM for a specific sense and
anti-sense primers, 5 µL 10× PCR buffer (Invitrogen) and
0.5 mM MgCl2. The thermal cycle conditions used were: 94◦C
for 3 min, 94◦C for 30 s, 58◦C for 30 s, 60◦C for 30 s and 72◦C

TABLE 1 | Primer sequences used in this work.

Primers Sequence Amplified fragment

AaUb1-Fw 5′GTCGGATGTGTTTCATCCTAATG3′ 160 bp of the Ubiquitin 1

AaUb1-Rr 5′CTTCTGGATTTGCAGGACTTG3′ gene

Ac520-Fw 5′TAGGGCAATGGTGGTTAATG3′ 229 bp of an

Ac520-Rv 5′AAATTCTGCTGCCTCATGTC3′ uncharacterized protein

(endonuclease activity)

Ac114-Fw 5′AGTGCATGAGGCTTACCTTG3′ 218 bp of an

Ac114-Rv 5′TAACCATTCCCGAACAAGAG3′ uncharacterized protein

(endonuclease activity)

Ac343-Fw 5′GAGATGAAGGTGGAAACACG3′ 247 bp of an

Ac343-Rv 5′AGACGAATGCTTTCAGTTGC3′ uncharacterized protein

(endonuclease activity)

for 1 min. The numbers of cycles were specific for each pair of
primers. The PCR products had a length between 160 and 247 bp.
The RT-PCR products were resolved on 1.5% (w/v) agarose gel
and stained with ethidium bromide (0.5 µg/mL).

In-gel Nuclease Activity Assays
For in-gel nuclease assays, megagametophytes at different stages
were ground in liquid nitrogen and homogenized in extraction
buffer [10 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.1 (w/v) %
SDS, 0.1 phenylmethylsulphonyl fluoride (PMSF) from Roche
(Mannheim, Germany), and 1 mM dithiothreitol (DTT)]. Equal
amounts of protein (15 µg) were incubated for 20 min at 40◦C
in buffer [0.125 M Tris pH 6.8, 10% (v/v) glycerol, 2% (w/v)
SDS, 0.01% (w/v) bromophenol blue] and resolved on 12%
SDS-PAGE gels containing 0.3 mg mL−1 herring sperm DNA
(Biodynamics, Argentina). For single-stranded DNase activity,
DNA was boiled for 5 min immediately prior to pouring the
gel. The gels were soaked in 25% 2-propanol and 1 mM EDTA
for 15 min to remove SDS as previously reported by Leśniewicz
et al. (2010). Subsequently, the gels were incubated overnight
in 25 mM sodium acetate-acetic acid buffer [pH 5.5, 0.2 mM
DTT and 1% (v/v) Triton X-100] or 10 mM Tris–HCl neutral
buffer [pH 8.0, 0.2 mM DTT and 1% (v/v) Triton X-100] at 37◦C.
In-gel assays in the presence of cations were performed as above,
in buffer containing 0.1 mM ZnSO4 or 10 mM CaCl2. After
incubations, the gels were washed for 5 min in cold stop buffer
[10 mM Tris–HCl (pH 8.0), 1 mM EDTA]. Nuclease activity
was detected as a negatively stained band revealed by staining
the gels with 0.01 mg/mL ethidium bromide and photographed
using the Box GeneSnap software from Syngene. The band
intensity was analyzed using the Gel-Pro Analyzer Software
(Media Cybernetics Inc.). All SDS-PAGE results were replicated
a minimum of three times.

DNA Isolation and Fragmentation
Analysis
Genomic DNA was isolated by the cetyl-trimethyl-ammonium-
bromide (CTAB) method (Doyle, 1991). Then, 200 mg of three
different megagametophytes were ground with liquid nitrogen
into a fine powder and mixed with 400 µL CTAB solution [1.4 M
NaCl; 2% (w/v) PVPPM40,000, 20 mM EDTA (pH 8.0), 100 mM
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Tris-HCl, pH 8.0; 2% (w/v) CTAB]. The mix was incubated for
15 min at 70◦C. An equal volume of chloroform:isoamyl alcohol
mixture (24:1) was added and, after shaking gently, the mixture
was centrifuged for 10 min at 10,000 g. The upper aqueous phase
was removed and the total DNA was precipitated by addition of
700 µL 70% (v/v) ethanol. DNA was recovered by centrifugation
for 2 min at 10,000 g. The yield and quality of the DNA
obtained were assessed in a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, United States). For
DNA-fragmentation analysis, 20 µg of each sample was separated
on a 2% (w/v) agarose gel and stained with ethidium bromide
(0.5 µg/mL). A Thermo Fisher ScientificTM DNA GeneRulerTM

100 bp was used as a reference.

Protein Concentration
The protein concentrations were determined as described by
Bradford (1976), using a Quick Start Bradford Protein Assay Kit
1 (500–0201; Bio-Rad, United States Laboratories) and bovine
serum albumin (BSA) as a standard (Bio-Rad Laboratories,
United States).

TUNEL Assay on Megagametophyte
Cells After Germination
Nuclear DNA fragmentation was detected by TdT-mediated
dUTP nick-end labeling (TUNEL) according to the protocol
provided by the manufacturer (In situ cell detection kit TMR
red, Roche, Merck KGaA, Darmstadt, Germany). Briefly, tissue
sections from proximal to embryo area were treated with 0.05%
Tween 20 in PBS for 15 min at room temperature, to facilitate
penetration of the labeling reagents. The slides were incubated
in the TUNEL reaction mix at 37◦C for 60 min. To prepare
negative controls, sections were incubated without the Terminal
deoxynucleotide Transferase (TdT) enzyme from the reaction
mixture; to obtain positive controls, sections were pretreated with
DNase I (image not shown). The percentage of TUNEL positive
nuclei, at 0, 14, 28, and 42 DAG, were calculated from 100 nuclei
randomly selected, for each section. At least 5 semi thin sections
of a different megagametophyte tissue were observed.

Cys-EP Immunological Assays
Western Blotting
Megagametophyte tissue of A. angustifolia from different DAG
and endosperms of R. communis from seeds 5 DAG were
ground in liquid nitrogen and homogenized in extraction buffer
[50 mM Tris -HCl (pH 8), 50 mM DTT, 1 mM EDTA
and 1 mM PMSF]. The cellular extracts were centrifuged
for 10 min at 14,000 g, 4◦C. Western blot analyses were
performed as previously described in López-Fernández and
Maldonado (2013b), with minor modifications. Equal amounts of
protein were separated using SDS–PAGE and electrotransferred
to a PVDF membrane (Millipore Corporation, Bedford, MA,
United States) at 100 V for 60 min. The membrane was
immersed in 3% (w/v) BSA in a TTBS solution [0.2 M Tris-
HCl (pH 7.6), 1.37 M NaCl, 0.1% (v/v) Tween-20] overnight
at 4◦C. The proteins were incubated with a primary antibody
raised against purified 35 kDa Cys-EP (Schmid et al., 1998)

diluted 1:1000 in 1% (w/v) BSA in TTBS for 2 h at
room temperature and subjected to five 5 min rinses in
a TTBS solution. The membrane was then incubated with
a secondary alkaline phosphatase-conjugated goat anti-rabbit
antibody (Sigma A3587, Merck KGaA, Darmstadt, Germany)
diluted 1:5000 in TTBS for 1:30 h at room temperature. The
secondary antibody was detected with NBT/BCIP (Promega,
Madison, WI, United States).

In situ Immunolocalization
Immunolocalization was carried out according to the protocol
described by Schmid et al. (1999) and López-Fernández and
Maldonado (2013b). Briefly, after blocking with 1% (w/v) BSA
in PBS for 90 min, the slides were incubated with anti-Cys-EP
(dilution 1:100 in 0.1% BSA/PBS) overnight at 4◦C. After washing
in PBS plus 0.05% (v/v) Tween 20 (PBST) three times for 10 min,
the slides were incubated with a fluorescent anti-rabbit ALEXA
488 IgG (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
United States) antibody applied 1:1000 in 0.1% BSA/PBS for 1 h
at room temperature in the dark. After additional rinses in PBST,
sections were examined by epifluorescence and light microscopy.

Microscope Settings
Images were obtained by epifluorescence and light microscopy
with an Axioskop 2 microscope (Carl Zeiss, Jena, Germany).
All images were captured with an EOS 1000D camera (Canon,
Tokyo, Japan), analyzed using the AxioVision 4.8.2 software
package (Carl Zeiss, Jena, Germany), and compiled (Photoshop
version CS6; Adobe Systems, San Jose, CA, United States).
Rhodamine filters (excitation 520–560 nm, emission 570–
620 nm) and DAPI filters (excitation 340–390 nm, emission
420–470 nm) were used to examine samples by TUNEL assay,
whereas Alexa filters (excitation 450–490 nm, emission 515–
565 nm) were used to examine samples for immunofluorescence
assays.

RESULTS

Histochemical Staining and Analysis of
Tissue Sections Revealed Progressive
Megagametophyte Degradation,
Mobilization of Reserves and Cells
Undergoing Programmed Cell Death
(PCD) During Germination
During germination, the megagametophyte changed its
color progressively from white and bright to brownish.
Figure 1A shows the progressive cell death observed in the
megagametophyte, from the innermost layers to the outer ones,
using Evans Blue dye: living cells are able to exclude the dye (and
thus cells remain unstained), whereas dead cells lose membrane
integrity and stain blue. At 0 DAG, only the remnants of the cell
layers close to the embryo appear stained, and no extensive cell
death is observed until well after the mobilization of reserves has
finalized. At 42 DAG, cell death has been initiated in the entire
tissue.
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FIGURE 1 | (A) Evans Blue staining at 0 and 42 DAG in the megagametophyte after extraction of the embryo. In each case the figure is a representative result of
observation of at least 6 seeds. Scale bar = 0.5 cm (B) Changes occurring from the proximal to distal zones in the megagametophyte, at 0, 14, 28, and 42 DAG.
Scale bar: 50 µm. (C) In detail, megagametophyte tissue (14 DAG). (a), Distal section of the tissue; (b,c), Adjacent to proximal sections; in c collapsed cell area.
(Ca,c), some cells show two nuclei. (d–h), Progressive changes in nuclear morphology. The black asterisk indicates plasmolysis, the double white asterisk indicates
crushed cells, and the black arrow indicates amyloplast discharged into central vacuole. Scale bar: (a–c) = 50 µm, (d–h) = 5 µm. Abbreviations: n, nucleus; v,
vacuole; s, starch. Each image is a representative result of observation of at least 30 semi-thin sections of megagametophyte tissue at different DAG.

Tissue death began in the proximal sector of the embryo
and extended distally (Figures 1B,C). At 0 DAG, the number
of fully collapsed cell layers was small. As the degradation of
the tissue progressed, the cell walls weakened and lost rigidity,
and finally the cells collapsed; the remnants of the degraded cell
walls persisted in the crushed cell layers proximal to the embryo

(Figure 1B). Vacuolar proteins were stained with Amido black at
0 DAG. Storage proteins were relatively scarce and diluted in the
water of the central vacuole. Once the germination started, the
vacuolar proteins were completely consumed (Supplementary
Figure S1). During germination, nuclei showed alterations in size
and morphology (Figures 1B,C): initially large and round, nuclei
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FIGURE 2 | (A) Genomic DNA fragmentation assay. Analyses were repeated at least three times on independent biological samples, and representative results are
shown. Lane M. 1 kb ladder, Lanes 1, 3, 4, and 5 correspond to 0, 14, 28, and 42 DAG, respectively. Bands are indicated by arrowheads (B) TUNEL assay (left
column) and DAPI staining (central column) were performed on LRW tissue sections at 0, 14, 28, and 42 DAG. Merged images (right column) confirmed that DAPI
co-labeled TUNEL-positive nuclei. Scale bar = 50 µm. Each image is a representative result of observation of at least 5 semi-thin sections of megagametophyte
tissue at different DAG.

reduced in size and became fusiform. Also, a progressive increase
in chromatin condensation was observed. The reserves were
progressively consumed; specifically, starch inside amyloplasts

was degraded. Starch depletion began in the proximal sector to
the embryo prior to 14 DAG approximately, advancing in the
distal direction (Figure 1B and Supplementary Figure S2). After
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hydrolysis of the starch, amyloplasts were discharged into the
central vacuole (Figure 1Cb and Supplementary Figure S2).
Disorganization of the cytoplasm occurred later with the collapse
of the central vacuole, the general degradation of cytoplasmic
organelles and plasmolysis (Figures 1Cb,c).

The nuclear dismantling was associated with cytoplasmic
events during plant PCD. However, chromatin was partially
adhered to the nuclear membrane until very advanced the
processes of mobilization of reserves (Figures 1Cd–h).

During Storage Mobilization, DNA
Fragmentation Accompanied the
Progressive Cellular Changes Observed
in the Megagametophyte
Analysis of genomic DNA integrity of the total tissue by
electrophoresis on agarose gel between 14 and 42 DAG revealed
three bands of approximately 700, 400, and 200 bp, respectively.
The 700 bp band was clearly weaker between 28 and 42 DAG.
Fragmentation was not significant before 14 DAG. Also a faint
DNA smearing was observed at 14, 28, and 42 DAG and one
well-bound band of high-molecular weight corresponding to
intact DNA was visible at 0 and 14 DAG (Figure 2A). The
lack of detection of a clear laddering could be interpreted
as the result of the DNA analysis of a tissue with areas
that shown different timing of PCD. To evaluate the in situ
detection of DNA damage, a TUNEL assay was performed.
At 14 DAG, the first TUNEL-positive signals were detected at
the innermost layers of the proximal area and later advanced
toward the distal area, continuously increasing the number of
affected nuclei (Figure 2B). Percentage of nuclei labeled was
33, 56, and 92% at 14, 28, and 42 DAG, respectively. Analysis
of DAPI-stained nuclei by fluorescence microscopy exhibited
the progressive changes in the nuclear morphology, as above-
mentioned.

In the Cells Undergoing PCD, Cys-EP
Accumulated in the Cytoplasm and Cell
Walls
The protein extracts from 0, 14, 28, and 42 DAG were separated
by SDS–PAGE and electrophoretically transferred to a PVDF
membrane. The western blot clearly showed the presence of the
immature and mature forms (approximately 45 and 38 kDa,
respectively) of Cys-EP (Figure 3A). A major band of 38 kDa,
which corresponds to the active form of CysEP, was observed at
14 and 28 DAG. At 42 DAG, neither of the two bands appeared
revealed.

The in situ accumulation pattern of Cys-EP at 14 DAG was
studied on longitudinal sections of the megagametophyte from
the proximal and adjacent sectors of the embryo to the proximal
cell layers. As mentioned above, the cell walls progressively lost
rigidity (Figure 1B). Figure 3B indicates that, in cells proximal
to the embryo, Cys-EP immunolocalized in ricinosomes mixed
with vacuolar content and highly vesiculated cytoplasm (a);
in vacuolated cells (i.e., with vacuole not collapsed), Cys-EP
localized in the parietal cytoplasm, next to the cell wall (b).

In the Megagametophyte, Zn2+ Induced
the Activity of Nucleases During
Germination
Nuclease activity was determined using in-gel activity assay
with single-stranded (ssDNA) or double-stranded DNA (dsDNA)
as substrate at acidic (pH 5) or neutral (pH 8) conditions
(Figure 4). When ssDNA was used as substrate, the activities
of three nucleases with molecular masses of 65, 43, and 35 kDa
respectively were detected. The activities of n43 and n35 were
strongly enhanced by Zn2+ at 28 and 42 DAG. It is worth noting
that, although n43 digested ssDNA, in the presence of both Ca2+

and Zn2+ ions, its ability to digest dsDNA was stimulated only
by Zn2+ ions at acidic conditions. No bands were obtained when
the in-gel activity assay was performed at neutral conditions with
dsDNA as substrate. The enhancement of Zn2+ nuclease activity
occurred simultaneously with nuclear DNA fragmentation, i.e.,
when the band of high molecular weight had disappeared and
two bands of low molecular weight (400 and 200 bp, respectively)
were markedly visible (Figure 2A).

Correlated with the increase in DNA-activity, there was a
reduction in both DNA and RNA contents, especially at 14 DAG
(Figure 4B). During germination, changes were detected in the
RNA and soluble protein contents, which, at 42 DAG, reached
values close to zero. In addition, the DNA content decreased
drastically, reaching values close to 5 µg/g at 42 DAG (i.e., 2.6
times when compared to the control) (Figure 2A).

In silico Analysis of Putative Nucleases in
Araucaria angustifolia
Putative nuclease-encoding genes from A. angustifolia were
searched within different nucleotide sequence databases.
Although no nuclease-encoding genes from A. angustifolia
were identified, three sequences of transcribed RNAs encoding
for putative nucleases from Araucaria cunninghamii, a closely
related species, were found. These three sequences were obtained
from the European Nucleotide Archive1 and were submitted
under Accession Numbers GCKF01036520.1, GCKF01039343.1,
and GCKF01021114.1, respectively. All these sequences were
identified from a leaf by transcriptomic analysis, which indicates
that they come from genes that are expressed at least in leaf
tissue.

A sequence analysis of these three putative nuclease-encoding
genes was performed using the BLAST tool available at the
National Center for Biotechnology Information (NCBI) website
(NCBI Resource Coordinators 2016). Firstly, the analysis of
the amino acid sequence of the predicted protein encoded by
the transcribed RNA of Acc. N◦ GCKF01036520.1 (herein after
referred to as putative protein Ac520) revealed high similarity
to several Tudor Staphylococcal nucleases (Tudor-SN). The
sequence with the highest similarity to Ac520 was a Tudor-SN
from Wollemia nobilis (Uniprot Acc. N◦ A0A0C9RQ39), sharing
98.4% of identical amino acids. Ac520 also showed 81% identity
to a Tudor-SN from Picea abies (Uniprot Acc. No. Q0JRI3),
and 64.5, 64.4, and 63.5% identity to ribonuclease TUDOR1

1https://www.ebi.ac.uk/ena
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FIGURE 3 | Immunodetection of Cys-EP in A. angustifolia
megagametophytes, during germination. (A) Western blot analysis with
anti-RcCys-EP as primary antibody. Proteins from 0, 14, 28, and 42 DAG
were separated on a 12% polyacrylamide gel and then transferred to a PVDF
membrane. As a control, proteins were extracted from 5 DAG R. communis
seeds. Analyses were repeated at least three times on independent biological
samples, and representative results are shown. (B) In situ immunolocalization
of Cys-EP in megagametophytes of A. angustifolia at 14 DAG. Merge bright
field and fluorescence imaging of longitudinal sections shows Cys-EP
selectively localized to the proximal sector of the embryo (a) and adjacent to
the proximal sector of the embryo (b) at 14 DAG; note labeling in the
cytoplasm next to the cell wall (b). (c) negative control. Scale bar:
(a–c) = 20 µm. Inset = 10 µm. Abbreviations: cc, crushed cells; cv, central
vacuole; cw, cell wall; s, starch. Each image is a representative result of
observation of at least 5 semi-thin sections of a different megagametophyte
tissue.

(Uniprot Acc. No. Q8VZG7), isoform 2 of ribonuclease TUDOR
1 (Uniprot Acc. No. Q8VZG7-2) and ribonuclease TUDOR
2 (Uniprot Acc. No. Q9FLT0) from Arabidopsis thaliana,

respectively. Furthermore, Ac520 has the conserved domains
of Tudor-SN nucleases (Figure 5Ai), that is, four SN domains
at the N-terminus and a Tudor domain at the C-terminus
(Liu et al., 2010). Tudor-SN proteins have been shown to be
involved in the control of seed germination in A. thaliana
(Liu et al., 2010) and in the regulation of PCD in plants
(Sundström et al., 2009; Coll et al., 2010; Reape and McCabe,
2010; Tsiatsiani et al., 2011). The analysis of the amino acid
sequence of the predicted protein encoded by the transcribed
RNA of Acc. No. GCKF01039343.1 (herein after referred to as
putative protein Ac343) showed the presence of a S1-P1 nuclease
domain (Figure 5Aii). Ac343 showed 63.1 and 60.8% identity to
ENDO4 (Uniprot Acc. No. F4JJL0) and ENDO2 (Uniprot Acc.
No. Q9C9G4) from A. thaliana, respectively. This last nuclease
was involved in RNA, ssDNA, and dsDNA degradation, with a
preference for ssDNA and RNA (Ko et al., 2012). Finally, the
analysis of the amino acid sequence of the predicted protein
encoded by the transcribed RNA of Acc. No. GCKF01021114.1
(herein after referred to as putative protein Ac114) revealed the
presence of a conserved DNase-RNase domain (Figure 5Aiii).
This domain is characteristic of a family of bifunctional nucleases
having both DNase and RNase activity. In fact, Ac114 shares 80%
of amino acid identity with a predicted bifunctional nuclease
from Picea sitchensis (Uniprot Acc. No. A9NUL3) previously
reported by Ralph et al. (2008). Ac114 also showed 67.6% identity
to BBD2 (Uniprot Acc. No. Q93VH2) and 63.7% identity to
BBD1 (Uniprot Acc. No. Q9FWS6) from A. thaliana.

Expression Levels of Putative Nuclease
Genes During Germination in
Megagametophytes of Araucaria
angustifolia
To evaluate the expression of genes from A. angustifolia encoding
for orthologous nucleases of Ac520, Ac343, and Ac114, primers
were designed to carry out semi-quantitative RT-PCR. It should
be noted that A. angustifolia and A. cunninghamii are very closely
related species and therefore the orthologous sequences are not
expected to have significant differences. The transcript levels of
the genes encoding Ac520, Ac343, and Ac114 were analyzed in
the megagametophyte of A. angustifolia at 0, 14, and 28 years
42 DAG (Figure 5B). Expression of the Ac520 and Ac114 genes
increased along the germination process, with higher expression
levels at 28 and 42 DAG, whereas that of the Ac343 gene was only
detected at 28 and 42 DAG.

DISCUSSION

Nuclease activation, DNA fragmentation and reserve
mobilization in the megagametophyte of Araucaria angustifolia
occurred simultaneously during the first 4 weeks following
germination. During storage mobilization, DNA fragmentation
accompanied the progressive cellular changes observed in
the cells of the megagametophyte. On the basis of these
results, we propose that the pathway of cell death in the
A. angustifolia megagametophyte is PCD. As mentioned, to date,
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FIGURE 4 | (A) Determination of nuclease activity in A. angustifolia megagametophytes at 0, 14, 28, and 42 days after germination (DAG) by using the in-gel activity
assay with ssDNA or dsDNA as substrate. See section “Materials and Methods” for detailed reaction conditions. Analyses were repeated at least three times on
independent biological samples, and representative results are shown. (B) Changes in soluble protein, DNA and RNA in the megagametophyte, during germination.
The three parameters exhibited a marked decrease initiated before 14 DAG. DNA, RNA, and soluble proteins were extracted at 0, 14, 28, and 42 DAG, quantified,
and normalized on fresh weight. Data are represented as the mean ± standard error from three independent biological replicates.

the dismantling of the megagametophyte during germination
has been studied in only two species of Gymnosperms: Araucaria
bidwillii and Picea glauca. In A. bidwillii, a species that is very
closely related to A. angustifolia and also produces starchy
seeds, cell death has been reported to occur through necrosis
and probably also PCD in some cells (Casani et al., 2009).
In Picea glauca, the megagametophyte is a tissue whose cells
store proteins and lipids and lacks vacuoles, and the reserve
mobilization pattern and the PCD pathway are similar to those
described in the aleurone layer of cereals or in the endosperm of
tomato (He and Kermode, 2003).

Autophagy is a process known to mediate the degradation
of residual proteins and aggregates of insoluble proteins and
lipids, and to remove damaged organelles (Levine and Klionsky,
2004; Mizushima, 2007; Rodriguez-Navarro and Cuervo, 2010).

In addition, autophagic assimilation and reprocessing can
maintain cellular homeostasis, responding to environmental
changes, but can also function in association with the PCD
process (Kourtis and Tavernarakis, 2009; Kuma and Mizushima,
2010). Although it is known that autophagy also mediates bulk
degradation of the cytosol and organelles in plants, its role
in plastid catabolism is largely unknown (Wada et al., 2008).
In the megagametophyte of A. angustifolia, we observed that,
after starch hydrolysis, autophagy was responsible for the final
degradation of amyloplasts. This process seems to be similar
to that occurring in chloroplasts of Arabidopsis leaves during
senescence (Wada et al., 2008), although this issue needs further
investigation.

KDEL-tailed Cys-EPs digest extensin, thus supporting the
final cell collapse during PCD. Cys-EPs were detected for the
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FIGURE 5 | (A) In silico analysis of putative nuclease in Araucaria angustifolia. (i). Representation of the Ac520 protein showing the Staphylococcal nuclease
domains at the N terminus and a Tudor domain toward the C terminus. (ii) Representation of the Ac343 protein showing the S1-P1 Nuclease domain. (iii)
Representation of the Ac114 protein showing the DNase-Rnase domain. (B) Expression levels of the putative nuclease genes during the germination process in
A. angustifolia. Amplified products of the Ac520, Ac114, and Ac343 genes by semiquantitative RT-PCR. As a control for constitutive expression, a fragment of the
Ubiquitin 1 gene was simultaneously amplified. The results are representative of at least three independent biological replicates.

first time in the endosperm of Ricinus communis (Schmid
et al., 2001) and the epigeal cotyledons of Vigna mungo
(Toyooka et al., 2001) during germination. Cys-EPs have
also been identified in the megagametophyte of Picea glauca
(He and Kermode, 2003). Here, we detected a Cys-EP in
the megagametophyte of A. angustifolia during germination
by using an antibody raised against a Cys-EP purified from
ricinosomes of the endosperm of Ricinus communis seeds during
germination. This Cys-EP was immunolocalized in ricinosomes
mixed with vacuolar content and in the parietal cytoplasm,
next to the cell wall. By western blot, we recognized both
the proform and mature form of the enzyme at 14 and 28
DAG but not at 42 DAG. According to Schmid et al. (1998),
the other bands that we detected correspond to a precursor
protease, a C-terminally truncated active form and to degradation
products.

In the present study, two Zn2+-dependent nucleases of 35
and 43 kDa were induced at 28–42 DAG at acid pH. Nucleases
of the S1/P1 family are thought to be similar to nucleases type
I, showing maximal activity at acidic pH and Zn2+ dependency
(Sugiyama et al., 2000).

Here, we found three sequences of transcribed RNAs, Ac520,
Ac343, and Ac114, encoding for putative nucleases. Ac520
revealed high similarity to several Tudor-SN, with highest
similarity to a Tudor-SN from Wollemia nobilis (Uniprot Acc.
No. A0A0C9RQ39), with which it shared 98.4% of identical
amino acids. Wollemia nobilis is the only species of the genus
Wollemia that also belongs to the family Araucariaceae (Division
Pinophyta-Order Pinales) (Jones et al., 1995). According to
Setoguchi et al. (1998), the Araucariaceae are well defined by the
rbcL sequence, and their monophyly is supported by a bootstrap
value of 100%.
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Likewise, Ac520 showed 81% identity to a Tudor-SN from
Picea abies (Uniprot Acc. No. Q0JRI3), a species of the
family Pinaceae, which also belongs to the Division Pinophyta-
Order Pinales; this species is phylogenetically and temporally
very distant from Araucaria. In fact, the Pinaceae diverged
from the lineage ultimately leading to Araucaria in the
Late Carboniferous to Early Permian periods, approximately
300–250 million years ago (Gernandt et al., 2008; Leslie
et al., 2012). Ac520 also exhibited identity to TUDOR
ribonucleases (Uniprot Acc. No. Q8VZG7, Uniprot Acc. No.
Q8VZG7-2, Uniprot Acc. No. Q9FLT0) from Arabidopsis
thaliana.

It is important to note that A. thaliana is an Angiosperm
species phylogenetically very distant from Araucaria.
Furthermore, Ac520 has the conserved domains of Tudor-SN,
that is, four SN domains at the N-terminus and a Tudor domain
at the C-terminus (Liu et al., 2010). Tudor-SN proteins have
been shown to be involved in the control of seed germination
in A. thaliana (Liu et al., 2010) and in the regulation of PCD
in plants (Sundström et al., 2009; Coll et al., 2010; Reape and
McCabe, 2010; Tsiatsiani et al., 2011). Ac343 showed the presence
of a S1-P1 nuclease domain, and 63.1 and 60.8% identity to
ENDO 4 (Uniprot Acc. No. F4JJL0) and ENDO2 (Uniprot Acc.
No. Q9C9G4) from Arabidopsis thaliana, respectively. This last
nuclease is involved in RNA, ssDNA, and dsDNA degradation,
with a preference for ssDNA and RNA (Ko et al., 2012). Ac343
also presented 55% amino acid identity to the best characterized
plant S1-like nucleases, ZEN1 of Zinnia elegans and Arabidopsis
ENDO1 (also named bifunctional nuclease1, BFN1). Previous
reports have demonstrated that BFN1 and ZEN1 are involved
in different forms of PCD (Pérez-Amador et al., 2000; Ko
et al., 2012; Lesniewicz et al., 2013). Finally, Ac114 revealed
the presence of a conserved DNase-RNase domain, which is
characteristic of a family of bifunctional nucleases having both
DNase and RNase activity. In fact, Ac114 shared 80% of amino
acid identity with a predicted bifunctional nuclease from Picea
sitchensis, a species of the family Pinaceae (Uniprot Acc. No.
A9NUL3) previously reported by Ralph et al. (2008). Ac114 also
showed 67.6% identity to BBD2 (Uniprot Acc. No. Q93VH2)
and 63.7% identity to BBD1 (Uniprot Acc. No. Q9FWS6) from
A. thaliana.

The results of the present study add knowledge on the
dismantling of the megagametophyte of mature starchy seeds
in species of the genus Araucaria, a storage tissue that stores

starch as the main reserve substance, as well as on the PCD
pathway, by revealing new insights into the role of nucleases
and the expression patterns of putative nuclease genes during
germination.
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FIGURE S1 | Amido black staining at 0, 14, and 42 DAG in the
megagametophyte sections. Amido black stains total proteins. They were visible
at 0 DAG. At 14 and 42 DAG, vacuoles shown that storage proteins are
consumed early. In all sections, nuclear proteins were also dyed. Abbreviations:
cc, crushed cells; v, vacuole; cw, cell wall; am, amyloplasts. Scale bar = 50 µm.
Each image is a representative result of observation of at least 30 semi-thin
sections of a different megagametophyte tissue at different DAG.

FIGURE S2 | Lugol staining at 0, 14, and 42 DAG in the megagametophyte
sections. Starch was progressively consumed during germination. Starch was
histochemically identified by lugol staining. Vacuolar transport of entire amyloplast
can be observed (arrows). Amyloplasts finished being dismantled and starch
totally consumed within the central vacuole. Abbreviations: cc, crushed cells; v,
vacuole; cw, cell wall; am, amyloplasts. Scale bar = 50 µm. Each image is a
representative result of observation of at least 30 semi-thin sections of a different
megagametophyte tissue at different DAG.
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The ovules and seeds of most angiosperm groups are enclosed by two integuments,
whose evolutionary origins are considerably separated in time, as the inner integument
arose over 300 million years ago (MYA) in an ancestor of all living seed plants, while
the outer integument arose, perhaps as recently as 164 MYA, in an ancestor of all
living angiosperms. Studies of the model angiosperm Arabidopsis thaliana indicate that
the mechanisms of development of the inner and outer integuments depend on largely
different sets of molecular players. However, it was not known, in most cases, whether
these differences were already present in early flowering plants, or arose later in the
Arabidopsis lineage. Here, we analyze the expression patterns of integument regulators
in Amborella trichopoda, the likely sister to all other living angiosperms. The data
obtained indicate that regulators of the YABBY, KANADI, and homeodomain-leucine
zipper class III transcription factor families have largely conserved their integument-
specific expression profiles in the Amborella and Arabidopsis lineages since the most
recent common ancestor (MRCA) of living angiosperms. We identified only one case,
involving the paralogous genes ETTIN and AUXIN RESPONSE FACTOR4, in which
integument-specific expression patterns had clearly diverged between Amborella and
Arabidopsis. We use the data obtained to partially reconstruct molecular mechanisms of
integument development in the MRCA of living angiosperms and discuss our findings in
the context of alternative hypotheses for the origin of the angiosperm outer integument.

Keywords: integument, Amborella trichopoda, ovule, angiosperms, HD-ZIP III, YABBY, KANADI, AUXIN
RESPONSE FACTOR

INTRODUCTION

The ovules and seeds of most seed plants are covered by one or two integuments. These maternal
tissues function to (1) protect the internal tissues of the ovule and later the seed, (2) define a
route, via the micropyle, for pollen or pollen-tube entry, and (3) contribute in many cases to the
regulation of seed hydration and dormancy (Linkies et al., 2010). Gymnosperms possess a single
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integument, whereas the majority of angiosperm groups,
including the most basally diverging of these, possess two
integuments, of which the inner integument is considered
homologous to the single integument of gymnosperms. The
origin of the inner integument therefore dates from before
the separation of the living angiosperm and gymnosperm
lineages, believed to have occurred over 300 million years ago
(MYA), while the outer integument must have arisen somewhere
along the angiosperm stem lineage, perhaps as recently as
∼164 MYA: a reasonable estimated date for the most recent
common ancestor (MRCA) of living angiosperms (Moore et al.,
2010). Within angiosperms, several groups have undergone a
secondary reduction to a single integument (Endress, 2011),
notably including the asterids, which contain over 80,000
species.

Much of what is known of the molecular mechanisms
of integument development comes from the study of the
model angiosperm Arabidopsis thaliana (hereafter referred to
as Arabidopsis), which possesses anatropous, bitegmic ovules.
Ovule initiation in Arabidopsis begins with the expression of the
homeobox transcription factor WUSCHEL (WUS) (see Mathews
and Kramer, 2012), which is known to promote cell proliferation
in meristematic tissues. The ovule thus shares characteristics of
meristems, such as the stem apical meristem and floral meristem,
both of which produce lateral organs on their flanks. In the case
of the bitegmic ovule, the lateral organs produced in this way are
the inner and outer integuments, which arise from the chalazal
tissue in the central region of the elongating ovule primordium.
The inner integument arises first, followed closely by the outer
integument (Endress, 2011).

Early expression of WUS at the apex of the Arabidopsis
ovule primordium defines the presumptive nucellar tissue.
The outgrowth of the integuments from the chalazal region,
immediately below the nucellus, depends on the expression
of three homeodomain-leucine zipper class III (HD-ZIP III)
transcription factors, PHABULOSA (PHB), PHAVOLUTA (PHV),
and CORONA (CNA) (Kelley et al., 2009), which act redundantly,
and together with other factors, to limit the basal spread of
WUS expression (Yamada et al., 2016). Expression of these
HD-ZIP III factors defines the adaxial (towards the growth
axis) zone of the presumptive inner integument. The inner and
outer integument primordia are associated with the formation
of auxin maxima, and it has been proposed that ETTIN/AUXIN
RESPONSE FACTOR3 (ETT/ARF3) and ABERRANT TESTA
SHAPE/KANADI4 (ATS/KAN4), both of which are expressed in
the abaxial (away from the growth axis) domain of the inner
integument, act to remove auxin from the zone between the
two integument primordia (Kelley et al., 2012). Interestingly,
Lora et al. (2015) found that in certain species of Prunus
whose ovules contain only one integument, expression of
the ETT ortholog was absent from the chalaza and inner
integument. These authors accordingly proposed the loss of
ETT expression to represent a potential evolutionary mechanism
for the reduction from two integuments to one in these
species.

HD-ZIP III and KANADI family factors are believed to
control abaxial–adaxial tissue polarity in lateral organs through

the regulation of a common set of direct target genes, many
of which are related to auxin signaling or dynamics (Reinhart
et al., 2013; Huang et al., 2014). HD-ZIP III factors regulate
these targets positively to promote adaxial tissue identity, while
KANADI factors regulate the same genes negatively to promote
abaxial tissue identity. In Arabidopsis, there is a clear division
of labor between the inner and outer integuments, as ATS is
the principal KANADI family member expressed in the inner
integument (McAbee et al., 2006), while this role is played
redundantly by KAN1 and KAN2 in the outer integument (Eshed
et al., 2004; McAbee et al., 2006). In the HD-ZIP III family, PHB,
PHV, and CNA are expressed specifically in the inner integument,
while REV is expressed in both integuments (Sieber et al., 2004b;
Kelley et al., 2009).

Tissue outgrowth in angiosperm lateral organs, including
for example leaves and carpels, is typically associated with the
expression of YABBY transcription factors. These factors are
expressed in the abaxial tissue domain, and can act either
positively or negatively on the transcription of downstream
targets, apparently through protein–protein interactions with
distinct sets of co-factors (Bonaccorso et al., 2012; Simon et al.,
2017). Despite their abaxial-specific expression profiles, YABBYs
are believed not to define abaxial tissue identity per se, but
rather to facilitate lateral organ outgrowth by promoting the
expression of WUS-related transcription factors in marginal
meristems (Nakata et al., 2012). The YABBY gene INNER
NO OUTER (INO), is expressed specifically in the abaxial
zone of the Arabidopsis outer integument, and an orthologue
of this gene shows a largely similar expression pattern in
the basally diverging angiosperm Nymphaea (Nymphaeales,
Nymphaeaceae) (Yamada et al., 2003, 2011), suggesting INO’s
tissue-specific role to have been conserved from early stages of
angiosperm evolution.

With very few exceptions (such as that of INO, mentioned
above), the mechanisms of integument development have
been investigated to date uniquely in Arabidopsis, and it is
therefore not known, in most cases, which of these were
already present in early flowering plants and which evolved
later in the Arabidopsis lineage. In the present work, we
investigate the conservation of mechanisms of integument
development from very early stages of angiosperm evolution by
analyzing the expression patterns of the orthologs of Arabidopsis
integument regulators in the basally diverging angiosperm
Amborella trichopoda (hereafter referred to as Amborella). Most
recent molecular phylogenetic studies place Amborella, the only
known representative of Amborellales, as sister to all other
living angiosperms (Stevens, 2001 onwards). According to these
studies, Amborellales is the first of the three earliest diverging
“ANA-grade” angiosperm orders, the remaining two being
Nymphaeales and Austrobaileyales. Amborella is a dioecious
scrambling shrub, endemic to the subtropical rainforests of
the southern pacific island of New Caledonia. Its female
flowers produce 5–6 unfused carpels, each containing a single,
pendant, bitegmic ovule. These ovules are of more-or-less
orthotropous symmetry, though show a distinct longitudinal
curvature, which may be due to developmental constraints
within the ovary, or may represent the residual effect of
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an ancestral anatropous symmetry (Endress and Igersheim,
2000).

Here, we focus on integument regulators of the YABBY,
KANADI, HD-ZIP III, and ARF transcription factor families. We
use gene expression patterns to identify molecular mechanisms
of integument development that have probably been conserved
since the MRCA of living flowering plants, and others that
appear to have undergone changes in either the Amborella or
Arabidopsis lineages. We discuss the data obtained in the context
of alternative hypotheses for the origin of the outer integument
in a distant common ancestor of living angiosperms.

MATERIALS AND METHODS

Phylogenetic Reconstruction
Phylogenetic reconstructions in the KANADI and HD-ZIP III
families were performed using a wide taxonomic sampling of
angiosperms. Sequences for inclusion in phylogenetic analyses
were selected by TBLASTN searching (Altschul et al., 1997)
of the NCBI/NIH non-redundant nucleotide database1 and
the Amborella genome database2 using Arabidopsis integument
development proteins. Protein sequences were aligned using
MUSCLE in the SeaView phylogeny package (Gouy et al., 2010).
Sites were selected using G-BLOCKS, using all three options
provided to minimize the stringency of selection. Phylogenies
were generated from amino acid alignments in PhyML (Guindon
et al., 2009) using the following parameters: model: LG; branch
support: aLRT; amino acid equilibrium frequencies: model-given;
invariable sites: optimized; across-site rate variation: optimized;
tree searching operations: best of NNI and SPR; and starting tree:
BioNJ.

Gene Expression Studies
Full-length nucleotide sequences corresponding to Amborella
orthologs or pro-orthologs of Arabidopsis integument regulators
were PCR-amplified from an Amborella female flower cDNA
library (Fourquin et al., 2005) using the primers shown in
Supplementary Table S1. Digoxigenin-labeled riboprobes were
generated from these and used in non-radioisotopic in situ
hybridization to tissue sections of Amborella flower buds at
approximately Stage 7 (Buzgo et al., 2004), and of female
flowers at anthesis, using the protocol given by Vialette-Guiraud
et al. (2011). Gene expression patterns were observed and
photographed under bright field illumination using a Leica Axio
Imager M2 inverted microscope fitted with a Leica AxioCam
MRc digital camera.

Anatomical Observations
Amborella ovule anatomy was revealed in sections of fixed female
flowers, prepared and photographed as for in situ hybridization.
These sections were stained with 0.05% (w/v) toluidine Blue-0 in
0.1 M sodium phosphate buffer (pH 6.8).

1https://blast.ncbi.nlm.nih.gov/Blast.cgi
2http://genomevolution.org/CoGe/

RESULTS

Clear Orthologs of Several Arabidopsis
Integument Regulators Can Be Identified
in Amborella
Several previous studies have focused on the molecular
phylogeny of gene families involved in the regulation of
integument development. Accordingly, the Amborella ortholog
of the Arabidopsis YABBY-family integument regulator INO has
previously been reported (Finet et al., 2016), as have those of
the paralogous and partially redundant auxin response family
regulators ETT and AUXIN RESPONSE FACTOR4 (ARF4) (Finet
et al., 2010). However, published phylogenies of the KANADI
and HD-ZIP III families have not to our knowledge previously
included sequences from Amborella.

Phylogenetic reconstructions of the HD-ZIP III family in
the present study (Supplementary Figure S1), generated from
the protein alignment shown in Supplementary Figure S2,
succeeded in identifying clear Amborella orthologs of the
Arabidopsis genes REV and CNA, and a clear pro-ortholog
of the Arabidopsis genes PHB and PHV, which accordingly
appear to be derived from a duplication within the crown
group of living angiosperms. In all these cases, the Amborella
genes identified as orthologs or pro-orthologs of Arabidopsis
integument regulators occupied basal positions within their
respective clades, in agreement with the likely phylogenetic
placement of Amborella.

Phylogenetic reconstruction of the KANADI family
(Supplementary Figure S3), generated from the protein
alignment shown in Supplementary Figure S4, succeeded
in identifying a clear Amborella ortholog of the Arabidopsis
inner integument regulator ATS (KAN4), which grouped in a
small basal clade of ATS-like sequences. Relationships of gene
orthology between Amborella sequences and the Arabidopsis
outer integument regulators KAN1 and KAN2 were less clear in
phylogenetic reconstructions.

The results obtained in these reconstructions, combined with
those of previously published work, permitted detailed analyses
in the present study of the expression in Amborella female
flower tissues of the genes: Atr.INO (XM_006840616), Atr.ATS,
(XM_006856161.3), AtrPHB/PHV (XM_006845952.3), Atr.REV
(XM_006846714.3), Atr.ARF4 (XM_020671056), and Atr.ETT
(XM_011627988.2). The longer alternative splicing variant of
Atr.ARF4 (Finet et al., 2010) was used for in situ hybridization
studies.

The Amborella Orthologue of the YABBY
Gene INO Is Narrowly Expressed in the
Abaxial Domain of the Outer Integument,
As Is INO in Arabidopsis
Atr.INO proved to be specifically expressed in the most abaxial
cell layer of the outer integument. Its expression was first noted
in the outer integument, towards the chalazal-end of the ovary
(Figure 1A), spreading towards the micropyle-end with the
growth of the outer integument (Figure 1B). This expression
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FIGURE 1 | In situ hybridizations of integument regulators to female Amborella flower sections. (A) Atr.INO expression in the growing outer integument at early Stage
7. (B) Atr.INO expression in the near fully grown outer integument at late Stage 7. (C) Atr.INO expression is no longer apparent in the outer integument (LS) in mature
flowers. (D) Atr.ATS expression in the inner integument at floral bud Stage 7. (E) Atr.ATS expression in the inner integument persists in the mature flower. (F) Narrow
Atr.PHB/PHV expression in the chalaza and strong expression in the adaxial domain of the ovary wall at early Stage 7. (G) Weak Atr.PHB/PHV expression persists in
the abaxial domain of the inner integument at late Stage 7. (H) Atr.REV is extensively expressed in the chalaza, and strongly expressed in the adaxial domain of the
ovary wall at early Stage 7. (I) Weak Atr.REV expression persists in the adaxial domains of both integuments at late Stage 7. (J) Atr.ARF4 expression in the abaxial
domain of both integuments at early Stage 7. (K) Very weak Atr.ETT expression in the abaxial domain of both integuments at early Stage 7. (L) Atr.ARF4 expression
is no longer apparent in the integuments in the mature flower. (M) Atr.ETT expression is no longer apparent in the integuments in the mature flower. (N,O)
Toluidine-blue stained sections of Stage 7 and mature ovules, respectively, showing anatomical details. Tissues zones in panels (N,O) have been delimited with
dotted white lines for clarity. Developmental stages are as defined by Buzgo et al. (2004). abw, abaxial domain of the ovary wall; adw, adaxial domain of the ovary
wall; c, chalaza; cp, chalazal pole; f, funiculus; ii, inner integument; mpp, micropyle pole; n, nucellus; and oi, outer integument. Scale bars = 100 µm.
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pattern closely resembles that of INO in Arabidopsis. Atr.INO
expression was stronger in early stages of Amborella ovule
development, becoming absent in the mature ovule (Figure 1C).
These data reinforce observations in Nymphaea (Yamada et al.,
2003) that already suggested Arabidopsis INO to have conserved
its function in outer integument development from early stages
of angiosperm evolution. Expression patterns of INO orthologs
in Arabidopsis and Amborella ovules, together with those of the
other factors studied (below), are summarized in Figure 2.

The Amborella Orthologue of the
KANADI Family Gene ATS (KAN4) Is
Expressed Abaxially in the Inner
Integument, As Is ATS in Arabidopsis
Atr.ATS was found to be expressed specifically in the abaxial
domain of the inner integument (Figure 1D), as is ATS in
Arabidopsis. This expression persisted into the final stages of
ovule development in almost mature flowers (Figure 1E). No
expression of Atr.ATS was apparent in any female reproductive

tissue other than the inner integument. These data strongly
suggest ATS orthologs to have conserved their function in inner
integument development in both the Amborella and Arabidopsis
lineages since the MRCA of living flowering plants.

Amborella HD-ZIP III Genes Show
Integument-Specific Profiles Similar to
Those of Their Arabidopsis Orthologs
We found Atr.PHB/PHV, the Amborella pro-ortholog of
Arabidopsis PHB and PHV, to be strongly expressed at early stages
of development in the chalazal region of the ovule, which gives
rise to the integuments, and very strongly expressed in the adaxial
tissues of the ovary wall (Figure 1F). At later developmental
stages, Atr.PHB/PHV appeared weakly expressed in the adaxial
zone of the inner integument (Figure 1G). At early stages of
ovule development, Atr.REV showed a similar expression pattern
to Atr.PHB/PHV in the chalaza and ovary wall, though arguably
with a slightly wider expression in the chalaza (Figure 1H). At
later stages of ovule development, reduced levels of Atr.REV

FIGURE 2 | Summary of expression patterns of ovule integument regulators in Arabidopsis thaliana and Amborella trichopoda. Abaxial-promoting genes are shown
in red in enlarged diagrams, adaxial-promoting genes are shown in blue. Mature ovules are shown, though the genes indicated may be maximally expressed in the
tissues shown at earlier stages. Entire ovules (on the left) are shown in their natural orientations relative to the longitudinal axis of the gynoecium/carpel. c, chalaza; f,
funiculus; ii, inner integument; and oi = outer integument.
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expression were visible in the adaxial regions of both integuments
(Figure 1I). The association of Atr.PHB/PHV expression with the
inner integument, and that of Atr.REV with both integuments
(Figures 1G,I), suggests the paralog-specific conservation of
function between the Amborella and Arabidopsis lineages since
their separation at the base of the living flowering plant clade.
Atr.PHB/PHV and Atr.REV expression patterns are nonetheless
very similar, and these genes are clearly expressed together in
parts of the chalaza, the inner integument and the abaxial region
of the ovary wall.

The Amborella Orthologs of the
Paralogous Auxin Response Factors ETT
and ARF4 Are Expressed Abaxially in
Both Integuments, Showing Partial
Conservation With Expression Patterns
in Arabidopsis
ETT and ARF4 act redundantly in the definition of abaxial tissue
identity in the Arabidopsis leaf (Pekker et al., 2005), though ETT
appears to play the major role in this process in both the carpel
wall and inner integument. An earlier study of the orthologs
of these factors in Amborella (Finet et al., 2010) suggested that
Atr.ARF4 may show a higher level of expression than Atr.ETT in
female reproductive tissues and perhaps therefore play the major
developmental role. In the present study, both Atr.ARF4 and
Atr.ETT were found to be expressed at early stages in the abaxial
domain of both integuments (Figures 1J,K), with Atr.ARF4
giving the stronger hybridization signal. Expression levels of
both genes diminished in mature integuments (Figures 1L,M).
A switch may therefore have occurred in the major paralog
active in the inner integument, with ETT playing the principal
role in Arabidopsis, while Atr.ARF4 is more highly expressed
in Amborella. In addition, whereas the role of ETT is limited

to the inner integument in Arabidopsis, Atr.ARF4 and Atr.ETT
are expressed in the abaxial domains of both integuments in
Amborella.

It is interesting to note that Arabidopsis ETT has been found
to interact physically with ATS, both of which are expressed
specifically in the inner integument (Kelley et al., 2012). Atr.ETT
and Atr.ARF4 may similarly interact with Atr.ATS in the
Amborella inner integument, but this interaction could not occur
in the outer integument as Atr.ATS is not apparently expressed
in that tissue (Figures 1D,E). Of course, Atr.ETT and Atr.ARF4
might interact in the outer integument with other Amborella
KANADI proteins (Supplementary Figure S4) whose expression
patterns were not investigated in the present study.

Toluidine-blue stained sections of the carpel wall and ovule
in a Stage 7 (Figure 1N) and a mature (Figure 1O) female
flower are provided to help interpret anatomical details of in situ
hybridization images shown in Figures 1A–M.

DISCUSSION

Reconstructed Gene Expression
Patterns Suggest That Largely Distinct
Sets of Regulators Controlled Inner and
Outer Integument Development in Early
Flowering Plants, As In Present-Day
Arabidopsis
The data presented here strongly suggest the extensive
conservation of integument-specific developmental roles of
genes of the YABBY, KANADI, and HD-ZIP III families in
both the Amborella and Arabidopsis lineages since the MRCA
of living flowering plants. It was previously known that inner
and outer integument development in Arabidopsis depended on

FIGURE 3 | A partial reconstruction of the molecular mechanisms of integument development in the most recent common ancestor of living flowering plants.
Pointed and barred arrows represent cases of positive and negative regulation, respectively. Abaxial-promoting factors are shown in red, adaxial-promoting factors
are shown in blue.
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substantially distinct sets of molecular players. The current study
provides evidence that most of these differences in molecular
controls are ancient, and already existed in early flowering plants.
The only clear exception noted in the present study, in which
molecular mechanisms seem to have diverged in one or both of
the Amborella and Arabidopsis lineages, concerns the paralogous
ARF family members ETT and ARF4. ETT contributes to abaxial
tissue identity uniquely in the inner integument of Arabidopsis,
whereas orthologs of both ETT and ARF4 are expressed in
the abaxial domain of both integuments in Amborella. The
inner integument expression of these factors may, as for that of
ETT in Arabidopsis, act to prevent the coalescence of the two
integument primordia. However, these factors may play a further
role in the establishment and/or maintenance of abaxial/adaxial
polarity in the Amborella outer integument, compared to their
orthologs in Arabidopsis. Analysis of gene expression patterns
in further ANA-grade taxa could be used to determine whether
these ARF genes evolved more restricted inner integument-
specific roles in the Arabidopsis lineage, or whether, conversely,
their expression patterns became more generalized to both
integuments, specifically in the Amborella lineage.

It is interesting to note that ETT expression is limited to the
abaxial domain of the inner integument in bitegmic species of
Prunus (rosid I clade) (Lora et al., 2015), as it is in Arabidopsis. If
ETT/ARF4 expression was lost from the outer integument in the
Arabidopsis lineage, rather than gained in the Amborella lineage,
it would therefore seem likely that this change happened before
the divergence of the rosid I and II clades, which is estimated to
have occurred some 105 MYA (Moore et al., 2010).

We have used the data presented here, together with
information from published studies, to construct a partial
molecular model for the control of integument development
in the MRCA of living angiosperms (Figure 3). Predicted
intermolecular interactions shown in this model are based on
functional data from Arabidopsis alone and the conservation
of tissue-colocalization of the molecules concerned in
Amborella.

Implications of Reconstructed
Integument Development Mechanisms
for the Origin of the Outer Integument
and Flowering Plants
Like the carpel, the outer integument is a pleisiomorphic
feature of angiosperms. Two contrasting hypotheses have been
proposed to account for the origin of this structure, prior to
the radiation of living angiosperms. One of these hypotheses
(reviewed by Doyle, 2008), based mainly on paleobotanical data,
proposes that the angiosperms evolved from cupulate seed–
ferns, possibly resembling the known fossil groups Caytoniales or
Glossopteridales. In most known members of these taxa, several
ovules occur within laminar cupules that are either borne on
the margins of a female rachis (in Caytoniales), or emerge from
the axil or midrib of a megasporophyll (in Glossopteridales).
According to this “cupule hypothesis”, the bitegmic angiosperm
ovule would have evolved from a unitegmic gymnosperm ovule
by a reduction in the number of ovules-per-cupule to one, the

cupule thereby becoming the outer integument. The Caytoniales-
type cupule may be a particularly strong candidate as a precursor
to the angiosperm outer integument as the orientation of the
ovule within this type of cupule could have led directly to the
anatropous ovule arrangement (Doyle, 2008), which may have
been pleisiomorphic in angiosperms.

The main alternative hypothesis for the origin of the outer
integument, as discussed by Mathews and Kramer (2012), is
that this structure simply arose through a modular reiteration
of the single integument already present in species along the
angiosperm stem lineage. Indeed, the development of the outer
and inner integuments proceeds in a remarkably similar manner
in most angiosperms, and the overexpression of WUS leads,
in transgenic Arabidopsis, to the production of supernumerary
integuments (Gross-Hardt et al., 2002; Sieber et al., 2004a),
demonstrating that extra integuments can be generated from
pre-existing developmental mechanisms by a simple molecular
change in an upstream regulator. Not all strong candidates for
ancestors, or close stem-lineage relatives of the angiosperms,
possessed cupules. Notably, Bennettitales, which possessed many
angiosperm-like characteristics, including a perianth, a bisexual
axis (in some taxa), non-saccate pollen, net-veined leaves, and
oleananes (highly resistant terpenoid compounds, also present
in angiosperms), possessed no structure resembling an ovule-
enclosing cupule. A mechanism based on the modular reiteration
of a pre-existing single integument might, therefore, explain
the origin of the angiosperm outer integument in a potential
bennettialian ancestor.

The data presented here strongly suggest that the precise
mechanisms of integument development were already
substantially distinct in the inner and outer integuments
some 164 MYA in the MRCA of living flowering plants. This
conclusion clearly favors the hypothesis of a distant or indirect
homology between the inner and outer integuments, such
as might be explained by the more direct origin of the outer
integument from an ovule-containing seed–fern cupule. It
does not provide support for the possible origin of the outer
integument by a modular reiteration of the inner integument,
as this mechanism would be expected to yield two integuments
whose development initially depended, in early flowering plants,
on near-identical sets of molecular regulators.
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FIGURE S1 | Maximum likelihood phylogeny of angiosperm HD-ZIP III family
proteins. aLRT branch-support values are shown at nodes. Amborella and
Arabidopsis sequences mentioned in the text are highlighted. Key to species
names: Ara tha: Arabidopsis thaliana; AmTr: Amborella trichopoda; Bra dis:
Brachypodium distachyon; Bra nap: Brassica napus; Bra rapa: Brassica rapa;
Cam sat: Camelina sativa; Cit sin: Citrus sinensis; Fra ves: Fragaria vesca; Gly
max: Glycine max; Med tru: Medicago truncatula; Mus acu: Musa acuminata; Nel
nuc: Nelumbo nucifera; Ory bra: Oryza brachyantha; Ory sat: Oryza sativa; Pop tri:
Populus trichocarpa; Pru per: Prunus persica; Raph sat: Raphanus sativus; Ric
com: Ricinus communis; Sol lyc: Solanum lycopersicum; Sol tub: Solanum

tuberosum; The cac: Theobroma cacao; Vig ang: Vigna angularis; Vig rad: Vigna
radiate; Vit vin: Vitis vinifera; and Zea may: Zea mays.

FIGURE S2 | Alignment of angiosperm HD-ZIP III family proteins used to produce
the phylogeny shown in Supplementary Figure 1. Sites used in phylogenetic
analysis are underlined.

FIGURE S3 | Maximum likelihood phylogeny of angiosperm KANADI family
proteins. aLRT branch-support values are shown at nodes. Amborella and
Arabidopsis sequences mentioned in the text are highlighted. Key to species
names: Ara tha: Arabidopsis thaliana; AmTr: Amborella trichopoda; Bra dis:
Brachypodium distachyon; Bra nap: Brassica napus; Bra rapa: Brassica rapa;
Cam sat: Camelina sativa; Cit sin: Citrus sinensis; Fra ves: Fragaria vesca; Gly
max: Glycine max; Med tru: Medicago truncatula; Mus acu: Musa acuminate; Nel
nuc: Nelumbo nucifera; Ory bra: Oryza brachyantha; Ory sat: Oryza sativa; Pop tri:
Populus trichocarpa; Pru per: Prunus persica; Raph sat: Raphanus sativus; Ric
com: Ricinus communis; Sol lyc: Solanum lycopersicum; Sol tub: Solanum
tuberosum; The cac: Theobroma cacao; Vig ang: Vigna angularis; Vig rad: Vigna
radiate; Vit vin: Vitis vinifera; and Zea may: Zea mays.

FIGURE S4 | Alignment of angiosperm KANADI family proteins used to produce
the phylogeny shown in Supplementary Figure 3. Sites used in phylogenetic
analysis are underlined.

TABLE S1 | Oligonucleotide primers used to amplify Amborella integument
regulators.
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Recent efforts to sequence the genomes and transcriptomes of several gymnosperm
species have revealed an increased complexity in certain gene families in gymnosperms
as compared to angiosperms. One example of this is the gymnosperm sister clade
to angiosperm TM3-like MADS-box genes, which at least in the conifer lineage has
expanded in number of genes. We have previously identified a member of this sub-
clade, the conifer gene DEFICIENS AGAMOUS LIKE 19 (DAL19), as being specifically
upregulated in cone-setting shoots. Here, we show through Sanger sequencing of
mRNA-derived cDNA and mapping to assembled conifer genomic sequences that
DAL19 produces six mature mRNA splice variants in Picea abies. These splice variants
use alternate first and last exons, while their four central exons constitute a core region
present in all six transcripts. Thus, they are likely to be transcript isoforms. Quantitative
Real-Time PCR revealed that two mutually exclusive first DAL19 exons are differentially
expressed across meristems that will form either male or female cones, or vegetative
shoots. Furthermore, mRNA in situ hybridization revealed that two mutually exclusive
last DAL19 exons were expressed in a cell-specific pattern within bud meristems.
Based on these findings in DAL19, we developed a sensitive approach to transcript
isoform assembly from short-read sequencing of mRNA. We applied this method to 42
putative MADS-box core regions in P. abies, from which we assembled 1084 putative
transcripts. We manually curated these transcripts to arrive at 933 assembled transcript
isoforms of 38 putative MADS-box genes. 152 of these isoforms, which we assign to
28 putative MADS-box genes, were differentially expressed across eight female, male,
and vegetative buds. We further provide evidence of the expression of 16 out of the
38 putative MADS-box genes by mapping PacBio Iso-Seq circular consensus reads
derived from pooled sample sequencing to assembled transcripts. In summary, our
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analyses reveal the use of mutually exclusive exons of MADS-box gene isoforms during
early bud development in P. abies, and we find that the large number of identified MADS-
box transcripts in P. abies results not only from expansion of the gene family through
gene duplication events but also from the generation of numerous splice variants.

Keywords: Picea abies, MADS-box genes, cone development, De Bruijn assembly, transcript isoforms, RNA
sequencing, DAL19

INTRODUCTION

In plants, members of the MADS-box gene family play
important roles during diverse aspects of plant development
and have been implicated in regulating e.g., floral transition
and floral meristem and organ identity (see e.g., O’Maoileidigh
et al., 2014 and references within). MADS is an acronym
for the four founding members of this gene family: MCM1
from Saccharomyces cerevisiae, AGAMOUS from Arabidopsis
thaliana, DEFICIENS from Antirrhinum majus, and SRF from
Homo sapiens (Schwarz-Sommer et al., 1990). MADS-box genes
encode transcription factors. Evolutionary studies in seed plants
have demonstrated that angiosperms and gymnosperms share
orthologous MADS-box genes, and that these orthologs in many
cases also are involved in similar biological processes. For a
comprehensive review see Gramzow and Theissen (2010). For
instance, MADS-box genes regulating carpel development in
angiosperms have orthologous genes in gymnosperms involved
in female cone development (Tandre et al., 1995; Winter et al.,
1999).

We have previously produced inbred crosses of a naturally
occurring spruce mutant Picea abies (var.) acrocona (Uddenberg
et al., 2013). As reported, one quarter of the segregating sibling
population resulting from those crosses initiated cones early,
already during the second growth cycle, which suggests that genes
of importance for vegetative to reproductive phase change are
ectopically activated in the acrocona mutant. We have identified
mature mRNA transcripts of the gene DEFICIENS AGAMOUS
LIKE 19 (DAL19) as being specifically upregulated in cone-
setting shoots of early cone-setting acrocona plants (Uddenberg
et al., 2013). DAL19 belongs to the MIKC-type of MADS-
box transcription factor proteins. MIKC refers to the different
protein domains found in a class of plant-specific MADS-
box genes (Gramzow and Theissen, 2010): M is short for the
MADS-domain, which is responsible for DNA binding, I is a
variable intervening region sometimes also referred to as the
Linker, the K-domain is a keratin-like domain responsible for
protein-protein interactions, and C is a variable C-terminal
region (Ma et al., 1991), which in some MADS-box genes
has been shown to encode activation domains (Litt and Irish,
2003).

Phylogenetic analyses have demonstrated that DAL19,
together with closely related gymnosperm genes, form a
distinct subclade in the MADS-box gene phylogeny (Uddenberg
et al., 2013). The gymnosperm genes form a sister-clade to
angiosperm TM3-like genes, which harbors the floral integrator
SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1), also
known as AGAMOUSLIKE20 (AGL20) from Arabidopsis thaliana

(Gramzow et al., 2014). SOC1 and its orthologs in other
angiosperm species, integrate several flowering signals derived
from e.g., temperature, aging, plant hormones, and photoperiod
to regulate the transition from vegetative to reproductive
phase (Dorca-Fornell et al., 2011), and (Gramzow et al., 2014)
hypothesize that at least some members in the gymnosperm TM3
sister-clade perform similar functions.

The DAL19 transcripts were first cloned by 3′ and 5′ Rapid
Amplification of cDNA Ends (RACE), and by mRNA in situ
hybridization shown to be preferentially expressed in the abaxial
part of the ovuliferous scales in female cones (Carlsbecker
et al., 2013). Sequence comparison between the DAL19 clone
(KC347015) presented in Carlsbecker et al. (2013) and the
assembled DAL19 transcript presented in Uddenberg et al. (2013)
(Acr42124_1) revealed distinct sequence differences in the 5′ part
of the transcript that are all contained within the first exon.

Mortazavi et al. (2008) showed that massively parallel short-
read mRNA sequencing could be used together with a well-
annotated reference genome to map reads across splice junctions
to identify novel transcript isoforms in mouse and human.
Later studies in plants employed reference-guided assembly of
short-read mRNA sequencing to annotate reference genomes
with new alternatively spliced transcript isoforms in Arabidopsis
thaliana (Marquez et al., 2012), Zea mays (Thatcher et al., 2014),
and Brachypodium distachyon (Mandadi and Scholthof, 2015).
However, in organisms where high-quality reference genomes
are not available, de novo transcriptome assembly (Robertson
et al., 2010; Grabherr et al., 2011; Schulz et al., 2012) is the
only approach available for transcript isoform reconstruction
from short reads (Conesa et al., 2016). Unfortunately, current
methods for de novo transcriptome assembly have difficulties
reconstructing full-length transcript isoforms (Steijger et al.,
2013; Xu et al., 2015; Conesa et al., 2016). Several recent plant
studies adopted a hybrid sequencing approach where long,
error-corrected reads derived from Pacific Biosciences’ isoform
sequencing technology, Iso-Seq, were used to identify novel
transcripts, and short, high-quality reads from massively parallel
mRNA sequencing were used to correct and quantify those
transcripts by reference-guided assembly (Xu et al., 2015; Abdel-
Ghany et al., 2016; Wang et al., 2016; Liu et al., 2017) or by
reference-free assembly (Hoang et al., 2017).

Hybrid sequencing studies of organisms with a well-annotated
reference genome found evidence that the inclusion of Iso-Seq
reads increased the sensitivity to alternatively splicing transcript
isoforms. In root tissue of Salvia miltiorrhiza, Xu et al. (2015)
reported detecting 110,715 and 1,109,011 known splice junctions
with Illumina short reads and Iso-Seq, respectively. Using just
Iso-Seq reads, Abdel-Ghany et al. (2016) increased the number
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of known transcript isoforms in sorghum from 2,950 to 10,053,
and Wang et al. (2016) increased the number of known transcript
isoforms in Zea mays from 63,540 to 111,151. However, when
compared on a transcriptome coverage basis, long reads from Iso-
Seq are substantially more expensive than Illumina short reads,
and this is reflected in the lack of long-read sequencing depth
to identify uncommon transcripts in both Liu et al. (2017) and
Hoang et al. (2017). For example, Liu et al. (2017) found that
their Iso-Seq data only covered 62% of the multi-exonic genes in
their chosen reference gene model, and Hoang et al. (2017) found
that only 87% of Illumina short reads mapped back to transcript
isoforms derived from Iso-Seq.

In this study, we only had Iso-Seq reads from pooled sample
sequencing available, but our interest was in exploring the
transcript isoforms in a subset of those samples for which we had
short reads from total mRNA sequencing (RNA-seq). Lacking a
finished reference genome for P. abies we tried assembling our
short reads with Trinity (Grabherr et al., 2011) and Oases (Schulz
et al., 2012), two popular assemblers built around De Bruijn
graphs. Unfortunately, these methods did not reconstruct DAL19
isoforms well, so we developed a novel approach that combines
naive assembly from a De Bruijn graph with kallisto (Bray et al.,
2016). We use this approach to construct a parsimonious set of
full-length transcript isoforms for DAL19.

We verify the presence of multiple mature mRNA transcript
isoforms of DAL19 using three independent methods: (i) Rapid
Amplification of cDNA Ends (RACE) followed by Sanger
sequencing (Yeku and Frohman, 2011), (ii) a novel method for de
novo assembly of short RNA-seq reads in silico, and (iii) PacBio
Iso-Seq RNA sequencing (Sharon et al., 2013). Furthermore,
we map the DAL19 transcripts derived from Sanger sequencing
to the genome sequences of P. abies and the closely related
Picea glauca to address whether these DAL19 transcripts are
transcribed from one single locus, and hence can be considered
transcript isoforms, or if these transcripts are transcribed from
multiple loci.

In P. abies, female and male cones and vegetative shoots
are initiated as buds on the growing shoots, i.e., female and
male cones are formed from separate meristems (Hannerz
and Sundström, 2006). Differential expression of the different
isoforms in these tissues would be evidence that these isoforms
are biologically relevant. Therefore, to address if the DAL19
variants play distinct roles during development, we assay their
transcription in young developing buds using quantitative
Real-Time PCR (qRT-PCR) and mRNA in situ hybridization
methods.

Finally, we address whether the observed pattern of multiple
splice variants of DAL19 is also present in other members
of the MADS-box gene family in P. abies. Using our novel
method for de novo assembly of short RNA-seq reads in silico
and using long-read PacBio Iso-Seq RNA-seq data, we provide
evidence for extensive alternative splicing of mutually exclusive
exons among P. abies MADS-box genes that form a sister
clade to angiosperm TM3-like genes. These findings suggest that
vegetative to reproductive phase change and cone setting in
P. abies are regulated by a genetic mechanism fine-tuned by the
usage of different MADS-box isoforms in different bud types.

MATERIALS AND METHODS

Plant Material
Plant material was collected from an adult tree of Norway spruce
(Picea abies L. Karst.) at the Rörby seed orchard (latitude 59◦54′
N) outside of Uppsala, Sweden. Male, female, and vegetative buds
were collected during two distinct developmental phases of early
bud development: (i) meristematic buds before or at the onset of
lateral organ formation, (ii) buds that had progressed into active
lateral organ formation and cell differentiation. Meristematic
buds were collected on August 1st 2016. Lateral organ initiating
buds were collected on August 16th 2015 or on September 12th
2016. In our study, a biological replicate consisted of a pool of
three buds of one bud type from one adult tree. All plant materials
used for RNA preparations were snap-frozen in liquid nitrogen
and stored at –70◦C. Plant materials used for in situ hybridization
experiments were directly collected into fixative media according
to Karlgren et al. (2009).

Samples for PacBio Iso-Seq sequencing were collected from
several tissue types and conditions to give a broad representation
of transcripts expressed in Picea abies. In total, 33 samples
were collected and the tissue types included: (i) developmental
samples of roots, hypocotyl, SAM and cotyledons, vegetative-,
male- and female buds, pollen, ovuliferous scales and ovules, (ii)
diurnal samples of cambial tissue, (iii) vascular samples of xylem
and phloem, and (iv) cold stress samples of roots. All samples
collected for PacBio Iso-Seq sequencing were snap-frozen in
liquid nitrogen and stored at –70◦C. Total RNA was prepared
as described below (see RNA Preparation) and the resulting
RNA-samples were pooled before performing PacBio Iso-Seq
sequencing (see RNA Sequencing). We describe the samples in
Supplementary Table S1.

RNA Preparation
Tissue homogenization, extraction, CHISAM
(chloroform/isoamylalcohol 24:1) purification and isopropanol
precipitation CHhomoRNA were performed as described by
Azevedo et al. (2003). Resulting RNA pellets were dissolved
in 350 µl RLT buffer (Qiagen RNeasy Kit) and long mRNAs
were separated from microRNAs according to manufacturer’s
instructions (Qiagen RNeasy Kit, Qiagen, Carlsbad, CA,
United States).

Cloning of DAL19 Transcripts
Alternative mature mRNA transcript ends ofDAL19were verified
by synthesizing cDNA ends from mixed bud tissues (male, female
and vegetative) and performing 5′ RACE and 3′ RACE according
to the manufacturer protocol (FirstChoice R© RLM-RACE Kit,
Thermo Fisher Scientific, Vilnius, Lithuania). Primers that were
used in this approach are listed in Supplementary Tables S2B,C.

Isolated alternative cDNA ends from 5′ RACE and 3′ RACE
were cloned into the PCR blunt II Topo vector and transformed
into Escherichia coli according to manufacturer instructions
(Zero Blunt R© TOPO R© PCR Cloning Kit, Invitrogen, Carlsbad,
CA, United States). Transformants that carried the correct insert
were selected using colony-PCR with gene specific primers and
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RACE primers provided by the kit listed in Supplementary
Table S2. Plasmids were prepared using the GeneZet plasmid
mini prep kit according to manufacturer instruction (Thermo
Fisher Scientific, Vilnius, Lithuania). All plasmids were sent to
GATC Biotech, Germany, for sequence verification.

Quantitative Real-Time PCR
qRT-PCR was performed using CFX-connect Real-Time System
on 96-well PCR plates with adhesive seals (Bio-Rad Laboratories).
Expression was analyzed in three distinct biological samples
of each tissue type, except for vegetative buds collected on
September 12th 2016 in which one sample was lost due
to RNA degradation. Each biological sample was analyzed
in triplicate. Primers used to quantify expression levels are
provided in Supplementary Table S2D. The expression data
of each gene was normalized against the expression of three
reference genes, ACTIN, POLYUBIQUITIN, and HISTONE2A.
PCR amplifications were carried out using the Maxima SYBR
Green/ROX qPCR kit (ThermoScientific, Vilnius, Lithuania).
Total 10 ng cDNA was used in 25 µl PCR reaction. PCR cycling
conditions were followed by the manufacturer instructions. The
reactions were run for 40 cycles. Melt curves were generated
to ensure product uniformity at the end of each run. Inter-run
connector samples were included in all studies to correct for the
use of multiple plates. Calculations and normalizations were done
using the CFX software based on the “1Ct or 11Ct methods”
(Bio-Rad).

Statistical analyses were performed using R 3.4.2. Normalized
gene expression values from qRT-PCR experiments were used as
an input dataset in the analyses. Student’s t-test was performed to
assess the significance of differences of gene expression between
samples.

In situ Hybridization
Tissue fixation, embedding, sectioning, in situ section pre-
treatment, and preparation of hybridization solutions were
performed as described by Karlgren et al. (2009). LNA
probes with complementary sequences to DAL19 variants
were synthesized, 5′ and 3′ digoxigenin-labeled (Exiqon)
(Supplementary Table S2E), and then hybridized at 52◦C.
In situ post hybridization was performed as described previously
(Karlgren et al., 2009). The images of hybridization signals
were taken using Zeiss Axioplan microscope equipped with an
AxioCam ICc 5 camera.

RNA Sequencing
2 × 125 bp short-read paired-end RNA sequencing of mRNA-
enriched male, female, and vegetative bud samples collected on
August 1st 2016 was performed using a HiSeq2500 with v4-
sequencing chemistry by The SNP & SEQ Technology Platform
in Uppsala, Sweden. We pre-processed all reads by removing
ribosomal RNA with SortMeRNA version 2.1b (Kopylova et al.,
2012), and by removing adapters and low-quality parts of
reads with Trimmomatic version 0.36 (Bolger et al., 2014). The
complete command can be found in Supplementary File S1.

The SNP & SEQ Technology Platform in Uppsala, Sweden,
performed PacBio Iso-Seq sequencing of the pooled samples on

a PacBio Sequel System. They processed the raw reads with the
SMRTLink v5.0.1 Iso-Seq workflow to obtain circular consensus
(CCS) reads. We present the subset of reads associated with
DAL1-DAL41. Remaining reads will be made available at the
conifer genomic resource database1.

Discovery of Putative MADS-Box Core
Region Sequences
We compiled a list of 32 previously published P. abies MADS-
box genes (Carlsbecker et al., 2013) as well as ten newly
identified full-length MIKC MADS-box genes retrieved from
PlantGenIE.org (Sundell et al., 2015), here denoted DAL31-
DAL41 (Supplementary Table S3). We identified the full length
MIKC MADS-box genes by performing BLAST searches using
the option BLASTN- nucleotide query to nucleotide db and
selecting blast DB P. abies 1.0 (complete) (Sundell et al., 2015).
BLAST searches resulted in several scaffolds aligning to each
cDNA sequence. We identified conserved intron/exon borders
in the cDNA sequences by comparing the exon organization of
spruce MADS-box genes to each other. The position of the first
conserved intron/exon border is situated in the 3′ region of the
MADS-domain. Similarly, we found a conserved intron/exon
border that exists at the end of the K-domain of each MADS-
box gene of P. abies. We defined core region sequences of P. abies
MADS-box genes as starting at the first conserved intron/exon
border and ending at the last conserved intron/exon border of
the K-domain (Supplementary File S2).

Assembly, Evaluation, and Visualization
of DAL19 Transcripts
We tested and developed RNA-seq assembly methods on a single
training sample of vegetative P. abies buds. We created the Trinity
(Grabherr et al., 2011) assembly from all reads that had a mate
after trimming with Trimmomatic using Trinity version 2.4.0
(see Supplementary Listing S1). We created an Oases (Schulz
et al., 2012) assembly from trimmed reads that had been merged
with Pear version 0.9.10 (Zhang et al., 2014) using the “--keep-
original” flag, and using Velvet 1.2.10 with Oases version 0.2.09.

We created an assembly using our own method: With
Mccortex version v0.0.3-554-ga7d6f3b (Turner et al., 2018), we
built and inferred a colored De Bruijn graph of k-mer size 47 from
all reads that had a mate after trimming with Trimmomatic. We
collapsed maximal runs of adjacent nodes with one incoming and
one outgoing edge, excepting nodes at the ends of the runs, into
unitigs. We removed unitigs with a mean coverage below four
from the graph. We then traversed the resulting Cortex graph
from every k-mer in DAL19_ψ, which resulted in one subgraph.
We removed tips shorter than 47 k-mers from this subgraph.
We created candidate transcripts from this cleaned graph by
traversing every simple path from every incoming tip to every
outgoing tip. Simple paths cannot contain cycles and therefore
our candidate transcripts do not contain cycles either. For every
sample, we assessed read support for all candidate transcripts
with kallisto version 0.43.1 (Bray et al., 2016) from all reads that

1congenie.org
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had a mate after trimming. We ran kallisto with 100 bootstrap
samples. We kept for further analysis all candidate transcripts for
which the number of estimated counts was one or more in at least
95 bootstrap samples.

We evaluated each transcriptome assembly method based on
the length of the match of the transcript with the maximal
match to each DAL19 transcript isoform. We calculated the
maximal match length for every assembly by mapping all reads
to the four DAL19 transcript isoforms αψγ, αψδ, βψγ, and
βψδ with Minimap2 (default parameters) version 2.4-r555 (Li,
2018). See Figure 1C for a description of these isoforms. Match
length was calculated for each transcript by counting the number
of alignment matches in the alignment CIGAR string (SAMv1
specification2) and subtracting the number of base mismatches in
the NM tag. A similarity proportion was calculated by dividing
the length of the target DAL19 transcript by the assembled
transcript match length to that DAL19 transcript.

We mapped all CCS reads obtained from the pooled sample
to 42 core sequences of putative MADS-box genes in P. abies
using Minimap2 version 2.4-r555 (Li, 2018) with the non-
default argument “-x map-pb”. Twelve CCS reads had a primary
alignment to one of the DAL19 regions α, β, γ, δ, and ψ. We
converted these reads to separate Cortex graphs of k-mer size 47.
For each CCS-read graph, we joined the graph with the short-
read graph and pruned unitigs with coverage below two. We then
aggregated the twelve CCS reads by whether they had a primary
or supplementary alignment toDAL19_α,DAL19_β, or neither of
these two regions. Four CCS reads fell in each of those categories.
We merged the four CCS-read graphs of each DAL19-region-
based group into a single color. We joined the resulting three
graphs with the short-read graph and five graphs consisting of
the k-mers of the DAL19 regions α, β, γ, δ, and ψ.

For the purpose of visualization, the untig-filtered and
tip-pruned Cortex graph was explored by traversing every
connecting k-mer of any color from the initial 47-mer
of DAL19_ψ using cortexpy version 0.23.5.3 The complete
command can be found in Supplementary File S1. We visualized
the graph traversal of the final Cortex graph (Figure 2) with the
Javascript library D3 version 4 (Jasaitiene et al., 2011) and Circos
(Krzywinski et al., 2009). We calculated the graph layout with a
Javascript implementation of CoLa (Dwyer et al., 2006).

Assembly and Filtering of MADS-Box
Transcripts
For each of nine meristematic bud samples collected from a
spruce tree on August 1st 2016 (three pools of male, vegetative,
and female buds), we assembled transcript isoforms from pre-
processed reads using our method (see Assembly, Evaluation, and
Visualization of DAL19 Transcripts) with the difference that we
traversed the unitig-filtered Cortex graph from every k-mer in
the MADS-core sequences (see Discovery of Putative MADS-Box
Core Region Sequences), which resulted in several subgraphs. For
each subgraph, we removed tips shorter than 47 k-mers, created
candidate transcripts, and filtered those transcripts with kallisto

2https://github.com/samtools/hts-specs
3https://github.com/winni2k/cortexpy

as described in Section “Assembly, Evaluation, and Visualization
of DAL19 Transcripts.” We combined all transcripts assembled
in this way across all nine samples in a single file while keeping
a single copy of duplicate transcripts. Transcripts that are reverse
complements of each other were considered to be duplicates for
the purpose of this candidate transcript aggregation step. The
resulting file contained 1084 sequences.

We annotated the combined set of assembled transcripts
with putative protein domains using Translated Reverse Position
Specific BLAST (“rpstblastn” from the “blast” package version
2.6.0, build Jan 2 2018) against the NCBI’s Conserved Domain
Database (revised on 16 January 2015) (Marchler-Bauer et al.,
2015) using an e-value threshold of 0.01. We kept for further
analysis 1073 MADS-box transcript sequences that could be
annotated with at least one protein domain.

Assignment of Assembled MADS-Box
Transcripts to MADS-Box Core Regions
We clustered the set of 1073 assembled transcripts that could be
annotated with at least one protein domain using CD-HIT-EST
version 4.6.4 (Li and Godzik, 2006) with the tuning parameters “-
c 0.95 -n 10” in order to obtain clusters with sequence similarity
above 95%. CD-HIT-EST provides a representative sequence for
each cluster, and we mapped every cluster representative to our
list of MADS-box core sequences using BWA-MEM version
0.7.8-r455 with default parameters. Finally, we assigned each
assembled transcript in a cluster to the MADS-box core sequence
that was the primary mapping of the cluster’s representative
sequence. Thousand and forty assembled transcripts from 124
clusters could be assigned to 29 MADS-box core sequences in
this way.

Transcript Isoform Curation and Multiple
Sequence Alignment
The 1040 assembled transcripts assigned to a specific MADS-
box core region were translationally aligned using the ClustalW
module within Geneious (Geneious pro version 10.2.3 created by
Biomatters Ltd.)4. Using the alignment, transcript isoforms were
identified by manual curation. BLASTN searches (Scoring matrix:
BLOSUM62; E-value threshold: 1e-3) against the P. abies genome
assembly V1.05 were used to assign scaffolds from the genome
assembly that contain 5′ or 3′ exons of MADS-box genes to each
transcript isoform.

Mapping of PacBio Circular Consensus
Reads to MADS-Box Core Regions
Minimap2 version 2.4-r555 (Li, 2018) using the preset “map-
pb” was used to map circular consensus (CCS) PacBio Iso-Seq
reads to the assembled and filtered transcripts. Only alignments
with an edit distance less than five were kept. The assignment
of transcripts to MADS-box scaffolds described in Section
“Assembly, Evaluation, and Visualization of DAL19 Transcripts.”
was used to assign every CCS alignment to a MADS-box scaffold.

4http://www.geneious.com
5http://congenie.org
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FIGURE 1 | Schematic view of DAL19 isoforms and their genomic organization. (A) The two transcripts Acr42124 and KC347015 mapped to Picea abies (V1)
genome scaffolds. (B) The additional transcripts presented in the current manuscript are included. The DAL19 exons α, β, δ, and γ, and the core region ψ are
indicated. (C) Illustration of the cloned DAL19 isoforms. The MIKC-protein domain structure is color indicated, as well as the position of 5′ and 3′ UTRs, translational
start and stop codons, and the position of intron/exon borders. (D) DAL19 exons mapped to the Picea glauca genomic scaffold Pg01r141201.
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FIGURE 2 | Complete traversal of final Cortex graph using all colors and starting from the first 47-mer of DAL19_ψ. (A,B) Represent the same graph topology.
Colors represent different sources of sequencing data as defined in the figure. Circles represent unitigs. The rim of each circle consists of nine circular arcs of equal
size representing one of each k-mer color. An arc is colored if the circle’s unitig has non-zero coverage of k-mers in that color. A colored edge connecting circles
represents an edge between end k-mers of a unitig in the color of the edge. The first five light colors represent the DAL19 exons α, β, γ, and δ, and the core region ψ

(obtained from cloning followed by Sanger sequencing). Gray represents k-mers from short-read RNA-seq data of “totRNA18.” Dark blue represents four CCS reads
that map to DAL19_α. Dark green represents four CCS reads that map to DAL19_β. Dark red represents four CCS reads that map to DAL19_ψ, but not the α or β

region. (A) The area of the black central circle is proportional to the maximum of the per-color mean coverage of the unitig represented by that circle. (B) The number
in the center of each circle is the number of k-mers that constitute the unitig represented by that circle.
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Reads for which all primary and secondary alignments of a CCS
read aggregated to the same MADS-box scaffold were counted in
Table 1.

TABLE 1 | Long read and differential expression analysis results aggregated by
scaffold (MA ID).

Gene name MA_ID Number of
uniquely

mapping CCS
reads

Number of
significant DE

transcripts

Number of
transcripts

DAL1 MA_128164 20 15 80

DAL1 MA_369170 0 0 6

DAL10 MA_15122short 0 0 6

DAL10 MA_15122long 0 25 78

DAL11 MA_18048short 0 0 7

DAL11 MA_18048long 0 6 15

DAL12 MA_13933short 0 4 8

DAL12 MA_13933long 0 12 20

DAL13 MA_130755 7 9 25

DAL13_like_a MA_2191711 0 2 4

DAL13_like_b MA_8198323 0 0 3

DAL19 MA_16120 3 1 20

DAL19 MA_162822_long 0 13 47

DAL19 MA_329880 2 2 22

DAL19 MA_162822short 0 1 1

DAL21 MA_126898long 0 4 17

DAL21 MA_126898short 0 0 4

DAL3 MA_141872 10 6 23

DAL3 MA_10256834 0 6 32

DAL3_like_a MA_19007 0 1 17

DAL3_like_a MA_32676 1 1 16

DAL31 MA_46639 7 2 22

DAL32 MA_7858089 0 2 16

DAL32 MA_138440long 2 5 39

DAL32 MA_138440short 0 0 4

DAL33 MA_10079394 0 13 92

DAL33 MA_276701 3 1 31

DAL35 MA_9284799 1 3 20

DAL37 MA_18942 10 0 20

DAL38 A_20180long 6 1 11

DAL38 A_20180short 0 0 1

DAL39 MA_94049 0 4 25

DAL4 MA_101463 9 2 110

DAL4 MA_35712 0 1 29

DAL40/JTL MA_10432602 3 0 14

DAL41 MA_57186 1 7 26

DAL5 MA_32019 0 0 3

DAL9 MA_6279308 5 3 19

Sum 90 152 933

MA_ID: scaffold identification in P. abies genome assembly v1.0. Number of
uniquely mapping CCS reads: Counts of long reads mapping uniquely to transcripts
associated with a single scaffold. Number of significant DE transcripts: Number
of significant associations at FDR 0.1 of transcript differential expression in eight
bud samples, across bud types, and aggregated by MA ID. Of 38 groups of
transcripts assigned to a single MA ID, 28 groups contained at least one transcript
with differential expression across vegetative, male, and female buds at FDR 0.1.
Number of transcripts: Number of transcripts assigned to each MA ID.

Estimation of Transcript Abundance With
Kallisto
For each sample, we mapped read pairs processed only with
SortMeRNA and Trimmomatic to the combined set of assembled
transcripts using BWA-MEM version 0.7.8-r455 (Li, 2013) with
default parameters and a minimum seed length of 47. We
estimated the abundance of assembled transcripts with kallisto
version 0.43.1 (default parameters) using only read pairs for
which both reads mapped to any assembled transcript.

Differential Expression Analysis
We converted estimated transcript counts calculated by kallisto to
read counts using the tximport package (version 1.8.0) (Soneson
et al., 2015). We compared samples based on all transcripts
with a maximum read count greater than one (823 transcripts)
by (i) calculating Spearman correlation coefficients of the raw
transcript counts (Supplementary Figure S1), by (ii) creating
a heatmap of log-scaled transcript read counts (Supplementary
Figure S2), and by (iii) performing multi-dimensional scaling
(Euclidean distance) (Supplementary Figure S3). Heatmaps
were created using the function heatmap.2 from the gplots
package (version 3.0.1, [warnes2016]) in R (version 3.5.0,
[r_core_team]). In Supplementary Figures S1–S3 one male
sample looks substantially different from the other two male
samples. We removed this sample (“A43_S6_L001”) from the
differential expression analysis of the assembled transcripts of
nine bud samples.

We performed differential expression analysis on the
converted read counts using a negative binomial Generalized
Linear Model implemented in edgeR (version 3.22.1, R version
3.5.0) (Robinson et al., 2010) as a quasi-likelihood F-test
(McCarthy et al., 2012) for any differences between all three
vegetative bud groups. We used the Benjamini–Hochberg
(Benjamini and Hochberg, 1995) procedure to correct p-values
for false discovery rate. The results of differential expression
analysis can be found in Supplementary Table S6.

Phylogenetic Analyses
Two separate analyses were performed. In the first, the nucleotide
sequence corresponding to the complete open reading frame
(ORF) of representative transcript isoforms were translationally
aligned using the ClustalW module within Geneious to
annotated MADS-box genes retrieved from GenBank from
the gymnosperms Picea abies and Pinus radiata and the
angiosperms Arabidopsis thaliana and Lycopersicum esculentum
(Supplementary Table S4 and Supplementary Files S3, S4).
Phylogenetic parsimony analysis of the sequences (in total 116
taxa and 1385 characters) was performed using PAUP 4.0 a
(build 161) (Swofford, 2002). A heuristic search with 1000
RANDOM additions was performed with the tree-bisection
reconnection (TBR), steepest descent, and MULPARS options
in effect. Support for the different groups in the tree was
estimated using 100 bootstrap samples using the same heuristic
search settings. In the second analysis, sequences outside of the
MADS-box were trimmed away. The alignment of the MADS-
box and subsequent parsimony analysis (120 taxa and 190
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characters) was performed using the same settings as for the full
length ORF.

RESULTS

Cloning of DAL19 Transcripts Reveals
Four Novel Transcript Isoforms
In order to verify the presence of the different DAL19 mature
mRNA transcripts we first mapped the previously published
DAL19 transcripts, Acr42124 and KC347015, to the published
Picea abies genome sequence (Picea abies v 1.0) (Nystedt et al.,
2013). Due to the large genome size and prevalence of highly
repetitive regions, scaffolds in the current genome assembly
of Picea abies are relatively short and genes are commonly
scattered over several genomic scaffolds. In line with this, both
Acr42124 and KC347015 mapped to multiple genomic scaffolds
(Figure 1A). Notably the sequence corresponding to the first
exon of Acr42124 mapped to the genomic scaffold MA_329880
of 9.4 kbp, whereas the first exon of KC347015 mapped to
the MA_16120 scaffold of 74 kbp (Figure 1B). We named
these alternate exons DAL19_α and DAL19_β, respectively. The
remaining exons mapped to the same set of genomic scaffolds:
MA_54911, MA_844703, and MA_166116. In order to connect
DAL19_α and DAL19_β with the adjacent exon on scaffold
MA_54911, forward primers placed in the 5′ untranslated regions
of either DAL19_α or DAL19_β were used in combination
with reversed primers placed in the adjacent exon to amplify
partial DAL19 transcripts starting with either the DAL19_α or
DAL19_β exons. Next, we used gene-specific DAL19 primers in
combination with generic 3′ poly-T or 5′CAP primers to amplify
the 3′ or 5′ ends of DAL19. Surprisingly, this resulted in the
amplification of a version of DAL19 with an alternate 3′ end
as compared to the previously published 3′ ends of KC347015
and Acr42124. The sequence that differs corresponds to the
last exon of DAL19 (Figure 1B). Both exons (henceforth called
DAL19_δ and DAL19_γ, respectively) map to the same genomic
scaffold (MA_166116) but at different positions. DAL19_δ maps
to position 4650–4944 and harbors the C-terminal signature
motif of the TM3-clade EVETQL, whereas DAL19_γ maps to
position 3239–3505 and harbors a premature stop codon. In
addition, the 5′ RACE yielded two short versions of DAL19
that lacked the MADS-box altogether. In summary, six versions
of DAL19 have been cloned: four long versions with alternate
first and last exons (DAL19_αψδ, DAL19_αψγ, DAL19_βψδ,
and DAL19_βψγ), and two short versions (DAL19_ψδ and
DAL19_ψγ), where ψ refers to a common core region with
four exons, as detailed in Figure 1C. All versions have been
independently cloned in their full-length versions and sequenced
by Sanger sequencing.

Mapping of DAL19 Transcripts to
Genomic Assemblies Provides Support
That These Transcripts Are Isoforms
Given the fragmented assembly of the P. abies genome, it
is not possible to rule out that we have identified DAL19

transcripts from different genomic loci. However, the presence
of both DAL19_δ and DAL19_γ on the same genomic scaffold,
and the fact that DAL19_α and DAL19_β are expressed
together with either DAL19_δ or DAL19_γ, supports the
notion that the DAL19 transcripts we observed are indeed
transcribed from one large locus. To provide independent
support for this hypothesis we mapped the cloned DAL19
transcripts to the genomic assembly of Picea glauca (PG29-
V4.0), with which P. abies shares sequence similarity both
in terms of frequent synteny and sequence identity (Sundell
et al., 2015). The DAL19 transcripts all mapped to the same
Picea glauca scaffold (Figure 1D). According to the P. glauca
assembly, the two variants of the first exon of PgDAL19
(PgDAL19_α and PgDAL19_β) are located approximately 16 kb
apart and separated from the next DAL19 exon by an intron
of approximately 100 kb. The DAL19_α exon is located 5′
of the DAL19_β exon, which possibly has its own promoter
inside the large first intron of DAL19. The introns between
exons three, four, and five of DAL19 are relatively short
and consist of only approximately one hundred bases each.
We consider this region the core region ψ of the DAL19
gene (or DAL19_ψ) because the fifth exon is followed by
a long intron of approximately 28 kb separating this region
of DAL19 from the two alternative 3′ exons DAL19_δ and
DAL19_γ.

Transcripts From Long-Read Sequencing
and a Novel Transcriptome Assembly
Method Are Consistent With Four DAL19
Transcript Isoforms
In order to provide independent evidence of all cloned DAL19
transcripts, we obtained short-read Illumina and long-read
PacBio Iso-Seq circular consensus sequences (CCS) of total,
long (>200 base pairs), polyadenylated RNA derived from
a single sample of P. abies vegetative buds, and a pool of
33 P. abies samples, respectively. We represented the short
reads as a De Bruijn graph, and then threaded the long
reads through this graph. We then fully traversed the graph
starting from the DAL19 core region (DAL19_ψ). This traversal
(Figure 2) shows short-read RNA-seq k-mer coverage for the
α, β, γ, δ, and ψ regions of DAL19. Short-read coverage is
split evenly between the α and β regions. When the α and
β regions meet at DAL19_ψ, the short-read coverage merges
additively. At the end of DAL19_ψ, the majority of short-
read coverage follows DAL19_δ, and a minority of short-
read coverage arrives at DAL19_γ. This uneven split of k-mer
coverage between the δ and γ regions together with the
even split of k-mer coverage between the α and β regions
is inconsistent with the expression of less than three DAL19
transcript isoforms.

We attempted to assemble these transcript isoforms from
the short RNA-seq reads using Trinity and Oases. However,
the proportion of known DAL19 transcript isoforms that were
assembled with these methods was poor. For each DAL19
transcript isoform and each assembler, we calculated a similarity
score. This score consisted of the number of base matches of
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the assembled transcript with the longest match to a DAL19
transcript isoform divided by the number of bases in that
DAL19 transcript isoform. Trinity only assembled DAL19_αψγ

and DAL19_αψδ with more than 90% similarity, and Oases
only assembled DAL19_βψγ with more than 90% similarity
(Table 2). Therefore, we developed a novel approach based on
naive De Bruijn graph traversal coupled with kallisto (Bray et al.,
2016) to reconstruct likely transcript isoforms containing 47-
mers in the DAL19 core region. Our method reconstructed
DAL19_αψγ, DAL19_αψδ, and DAL19_βψδ at more than 90%
similarity.

From the PacBio Iso-Seq data, we found at least one CCS
read that was consistent over its entire length with only
one of the transcripts DAL19_αψγ, DAL19_αψδ, DAL19_βψγ,
or DAL19_βψδ (Figure 2). We also found CCS reads that
mapped to the ψ region, but not to the α or β region.
Although these reads could be evidence of DAL19 transcripts
without an α or β region, loss of 5′ ends due to the PacBio
Iso-Seq library prep has been observed previously (Sharon
et al., 2013; Gordon et al., 2015), and at least one read

TABLE 2 | Assembled transcripts with best match with known full-length DAL19
transcript isoforms.

DAL19
transcript

Length of
DAL19

transcript

Assembly Similarity CIGAR

DAL19_αψδ 842 Oases 0.77 103S305M1D347
M405S

DAL19_αψγ 813 Oases 0.87 103S13M1I291M1
D241M105I
267M139S

DAL19_βψδ 1095 Oases 0.80 872M405S

DAL19_βψγ 1067 Oases 0.97 1033M139S

DAL19_αψδ 842 Trinity 0.92 267S774M62S

DAL19_αψγ 813 Trinity 0.92 267S746M142S

DAL19_βψδ 1095 Trinity 0.68 274S767M62S

DAL19_βψγ 1067 Trinity 0.39 7M1I1M1I23M2I
12M4D234M2I3M
1D7M1D16M1D2M1I
209M310S

DAL19_αψδ 842 cortexpy/kallisto 1.00 110S842M52S

DAL19_αψγ 813 cortexpy/kallisto 1.00 110S13M1I800M139S

DAL19_βψδ 1095 cortexpy/kallisto 0.92 1008M52S

DAL19_βψγ 1067 cortexpy/kallisto 0.45 177S31M6D41M2D4
M1D4M5I2M4I3M1I8M
2I10M3I5M3I2M1I35
M2I8M2D1M2D4
72M524S

DAL19_αψδ 842 Nine bud samples 1.00 81S842M52S

DAL19_αψγ 813 Nine bud samples 1.00 81S13M1I800M69S

DAL19_βψδ 1095 Nine bud samples 0.96 1050M12S

DAL19_βψγ 1067 Nine bud samples 0.86 920M

For each DAL19 transcript and each assembly the shortest assembled transcript
with the longest sequence match to the DAL19 transcript is reported. Assembly:
name of assembly tool that generated the transcripts (see Assembly, Evaluation,
and Visualization of DAL19 Transcripts). Similarity: number of base matches to the
DAL19 transcript divided by the number of bases in the DAL19 transcript. CIGAR:
CIGAR string of transcript alignment to the DAL19 transcript in SAMv1 format.

contained k-mers that spanned the junction of DAL19_α and
DAL19_ψ.

The Different DAL19 Isoforms Have
Distinct Expression Profiles in Early Bud
Meristems
From previous experiments, we know that DAL19 activity is
upregulated in both needles and apical buds of cone-initiating
acrocona shoots (Uddenberg et al., 2013). A reexamination
using transcript-specific primers that amplify at similar
efficiency indicates that it is the DAL19_αψδ isoform that
dominates in cone-setting acrocona shoots (Supplementary
Table S5).

To substantiate these findings and to study if the different
DAL19 isoforms are also differentially regulated in wild-type
Picea abies, we analyzed their expression in buds of different
identities (i.e., vegetative, male and female identity) using
quantitative Real-Time PCR (qRT-PCR) (Figure 3). Templates
for the qRT-PCR experiments were vegetative, female, and male
buds collected during early bud development when most of the
bud only consists of a large shoot-apical meristem (Figure 3A).
As control samples, we included bud samples from a later
phase of lateral organ formation (Figure 3B). DAL19 isoform-
specific primers with similar amplification efficiencies were
used to assay relative transcript abundance in the different
samples (Supplementary Figure S4). With the exception of
transcripts with 5′ region DAL19_α in vegetative and male
samples, all transcripts amplified at significantly higher levels
in the early-phase meristems relative to buds collected at the
later lateral-organ-formation-phase (Figures 3C–F). Relative to
vegetative meristems, the isoforms containing the 5′ region
DAL19_β amplified at a significantly higher level in male
meristems (Figure 3D), whereas the isoforms containing the
5′ region DAL19_α amplified at significantly lower levels in
female buds (Figure 3C). The isoforms containing the 3′
region DAL19_δ were significantly down-regulated in male
meristems compared to vegetative meristems, whereas the
isoforms containing the 3′ region DAL19_γ were significantly
up-regulated in both female and male meristems (Figures 3E,
F). Hence, by comparing 11CT values in male and female
buds relative to vegetative meristems, isoforms with DAL19_β
and DAL19_γ appear to be upregulated in male buds, possibly
reflecting an up-regulation of the DAL19_βψγ transcript in male
meristems.

To test if the differences found in the qRT-PCR experiments
are reflected in a spatial distribution of the DAL19 isoforms
in the early bud meristems, we conducted mRNA in situ
hybridization experiments using isoform specific LNA probes
hybridized against longitudinal sections of female, vegetative
and male buds. Using a DAL19_δ specific probe we detected
distinct hybridization signals in the epidermal cell layer of female
and vegetative buds, and emerging lateral organs (Figures 4A–
C). In male buds at a similar stage, the hybridization signal
was less distinct in the epidermal layer and more evenly
distributed into the underlying cell layers in the bud meristem
(Figure 4D).
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FIGURE 3 | Normalized expression of DAL19 isoforms assayed by qRT-PCR. (A) Schematic representation of a bud with a large Shoot Apical Meristem (SAM)
commonly found during late July or early August. (B) Schematic representation of a bud in late August or early September, when lateral organ formation is ongoing.
(C–F) Normalized expression of the DAL19 isoforms with α (C), β (D), δ (E), and γ (F) exons. V, vegetative; ♀, female; ♂, male.
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FIGURE 4 | In situ hybridization using short DAL19 isoform specific LNA probes. Micrographs of longitudinal sections of bud meristems, v, vegetative; ♀, female; ♂,
male; p, central pith; az, apical zone of the shoot apical meristem; pz, peripheral zone of the meristem. Micrographs (A–D) are hybridized with an LNA-probe that
specifically binds to DAL19_δ-containing transcripts. Sections in micrographs (E–H) are hybridized with a DAL19_γ probe, (I,J) with a DAL19_α probe, and (K,L)
with a DAL19_β probe. Size bar = 50 µm in (A,B,D–F,H–L), 20 µm in (C,G).

We detected a weak hybridization signal, almost
complementary to that of DAL19_δ, in sections of female
and vegetative buds hybridized with DAL19_γ-specific
LNA-probes (Figures 4E–G). In longitudinal sections of
female and vegetative buds, DAL19_γ hybridization was reduced
or absent in the epidermal cell layer, whereas the signal was
stronger in the underlying cell layers of the bud meristems
(Figure 4G). In male buds, the signal from DAL19_γ LNA-
probes matched that of DAL19_δ (Figure 4H). LNA-probes
directed toward the 5′ isoforms containing DAL19_α or
DAL19_β showed a considerably weaker signal that is difficult
to distinguish from the background (Figures 4I,J). Reliable
signal of DAL19_β was only detected in male meristems,
in a pattern that matched those of DAL19_δ and DAL19_γ
(Figures 4D,H,L). DAL19_α signals were evenly distributed
throughout the whole meristematic region of the bud but were
lower in the central pith (Figure 4). LNA probes directed toward
Histone H2A, included as positive experimental control, gave
a characteristic patchy signal in dividing cells (Supplementary
Figure S5). Taken together, this demonstrates that distinct
DAL19 isoforms are active in bud meristems of different
identity and that cell-type-specific distribution of at least

the isoforms containing δ or γ can occur within one bud
meristem.

Our Novel Assembly Approach Identifies
1,084 Putative MADS-Box Transcripts
From Short-Read Sequencing
To assess if other novel MADS-box transcripts exist that are
similar to the transcripts we discovered in DAL19, we applied our
assembly method to RNA-seq data from nine meristematic bud
samples to reconstruct likely transcript isoforms (see Assembly
and Filtering of MADS-Box Transcripts in Section “Materials
and Methods”). We merged assembled transcripts from all bud
samples, annotated them with predicted protein domains, and
mapped them back to MADS-box core regions. This resulted
in 1,084 unique assembled transcripts, of which 1,073 could
be annotated with at least one predicted protein domain, and
of which 1,040 further mapped to a MADS-box core region.
We manually curated these 1,040 assembled transcripts and
performed multiple sequence alignment to arrive at 933 likely
transcript isoforms. We present single nucleotide polymorphisms
(SNPs), indels, and usage of alternate exons in Table 3.
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TABLE 3 | Summary of transcripts aligned to MADS-core regions.

Core name Associated
MADS_MA

Tot. Number of
transcripts

InDels Alternate 5′ exon Alternate 3′

exon
Short transcripts

DAL1 MA_453949 86 Yes No Yes,
MA_369170 or
MA_128164

Yes_only_MADS

DAL3 MA_141872,
MA_10256834,

55 Yes Yes No Yes_only_MADS due to
frame shift

DAL3_like MA_19007, MA_32676 33

DAL4 MA_35712,
MA_101463

139 No Yes No Yes-3′ frame shift

DAL10 MA_15122 84 Yes No No Yes-5′ frame shift

DAL11 MA_18048 22 Yes No No Yes-3′ frame shift

DAL12 MA_13933 28 Yes No No Yes-3′ frame shift

DAL13 MA_130755 25 Yes No No No

DAL13_Like_a MA_2191711 4 Yes No No No

DAL13_like_b MA_8198323 3 Yes No Yes Yes_only_MADS

DAL19 MA_16120,
MA_162822,
MA_329880,

90 Yes Yes Yes Yes_only_K-domain

DAL21 MA_126898 21 Yes No No Yes- 3′ frame shift

DAL19_like_a/DAL31 MA_7272891 22 No No No No

DAL32 MA_7858089,
MA_138440

59 Yes Yes Yes,
MA_G76145 or
MA_109338

Yes_MA_576145

DAL33 MA_10079394,
MA_276701

123 Yes Yes No Yes-only MADS

DAL34

DAL35 MA_9284799 20 No No No No

DAL37 MA_18942 20 No No No No

DAL38 MA_20180 12 No No Yes, MA_88284
or MA-63649

DAL39 MA_94049 25 No No No No

DAL40/JTL MA_10432602 14 No No No No

DAL41 MA_57186 26 No No No No

DAL5 MA_32019 3 No No No No

DAL9 MA_6279308 19 No No No No

Sum 933

Core name: The name of the MADS-box core sequence used in the analysis. Associated MADS_MA: The identifier of the scaffold harboring the first exon of the assembled
transcripts. Total Number of transcripts: Number of transcripts associated with a specific isoform. InDels: Indication if InDels occurs among the aligned transcripts. Alternate
5′ exon: Indication if mutually exclusive 5′ exons were detected. Alternate 3′ exons: Indication if mutually exclusive 3′ exons were detected. Short transcripts: Indication if
the gene has an alternative splice site selection at the 3′ or 5′ end of exons, rendering short transcripts.

We identified multiple isoforms of DAL19, which is consistent
with the results presented in Section “Mapping of DAL19
Transcripts to Genomic Assemblies Provides Support That
These Transcripts Are Isoforms.” We assembled transcripts that
matched the cloned and confirmed DAL19 transcripts αψγ, αψδ,
βψγ, and βψδ with a similarity of 0.999, 0.998, 0.96, and 0.86,
respectively (Table 2). The CIGAR strings for the alignments of
the assembled transcripts to these DAL19 transcripts (Table 2)
indicated that the assembled transcript for βψδ was missing 147
bases, and that the assembled transcripts for the other three
DAL19 transcripts contained fewer than 100 extra bases on the
5′ or 3′ end of the transcript. Furthermore, we detected one
additional DAL19 transcript. This transcript contained a MADS-
box that mapped to sequence scaffold MA_162822 in the P. abies
genome assembly (V1.0).

As for DAL19, we also identified the use of alternate 5′ exons
for the core sequences of DAL3, DAL3_like, DAL4, DAL32, and
DAL33. These first exon sequences mapped to distinct scaffolds
in the P. abies genome assembly (V1.0) (Table 3, column 2)
and nucleotide searches against the NCBI Conserved Domain
Database (SDD) indicated that these exons all encode MADS-
domains. However, the transcript isoform of DAL33 that mapped
to the genomic scaffold MA_10079394 differed substantially on
the amino acid level, albeit not on the nucleotide level, from other
known MADS-domains and lacked most conserved MADS-
domain signature motifs such as for example the IKRIENS,
RQVT, and the KKYELS motifs (Supplementary Figure S6A).

Apart from for DAL19, we identified the use of alternate 3′
exons for the core sequences of the gene DAL1 (Supplementary
Figure S6B). As with DAL19, the usage of an alternate 3′ exon
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resulted in a premature stop codon and loss of the C-terminal
domain, which harbors the signature motif of AGL6-like genes
(DCEPTLQIGY). We also identified transcripts with a premature
stop codon, often occurring shortly after the first exon, in DAL3,
DAL4, DAL12, DAL21, DAL32, DAL33 and DAL38. In the case
of DAL13, we assembled three transcripts with several SNPs that
were distributed over the entire ORF. In BLAST searches against
the P. abies genome V1.0 these three DAL13-related transcripts
mapped to different sequence scaffolds indicating that these
transcripts were transcribed from different genes.

To provide independent evidence for the occurrence of
different MADS-box gene isoforms, we mapped CCS reads to the
assembled transcript isoforms and aggregated them by MADS-
box core sequence. The number of CCS reads that only mapped
to transcripts associated with a single MADS-box core sequence
are presented in Table 1. The CCS reads were consistent with
assembled transcript isoforms DAL1, DAL3, DAL3_like_a, DAL4,
DAL9, DAL19, DAL31, DAL32, DAL33, DAL35, DAL38, DAL37,
DAL40/JTL, and DAL41 (Table 1).

174 Transcripts Are Differentially
Expressed Across Three Bud Types
We assessed the differential expression of all assembled
transcripts (1,084) across two male, three female, and three
vegetative meristematic bud samples using a quasi-likelihood
F-test (McCarthy et al., 2012) implemented in the edgeR package
(Robinson et al., 2010). Hundred and seventy four transcripts
were differentially expressed across all three groups at an FDR
of 0.1 (Supplementary Table S6). We had previously assigned
152 of the 174 differentially expressed transcripts to 28 putative
MADS-box genes (Table 1). The remaining ten putative MADS-
box genes did not have any differentially expressed transcripts
assigned. Of the 16 putative MADS-box genes for which there
was evidence of expression from CCS reads, 14 genes had
differentially expressed transcripts assigned.

All MADS-Box Genes Using Alternate
First Exons Fall Into a Common Clade in
Phylogenetic Analysis
To examine to what extent the usage of alternate exons in
different MADS-box gene isoforms influences the position of
MADS-box gene isoforms in the phylogenetic tree, maximum
parsimony analyses were performed. In a first analysis, the
nucleotide sequence spanning the open reading frame (ORF)
of transcripts representing the identified MADS-box gene
isoforms were aligned to MADS-box genes from Picea abies,
Pinus radiata, Arabidopsis thaliana, and Lycopersicon esculentum,
Supplementary Figure S7A. In a second analysis, only the
MADS-box was used to determine the phylogenetic relationship
(Supplementary Figure S7B).

In both analyses, and in agreement with previous published
analyses, functionally related angiosperm MADS-box genes form
monophyletic clades that often also have a gymnosperm sister-
clade. For instance, DAL2 from Picea abies and PrMADS1
grouped close to the AGAMOUS-clade as reported by (Tandre
et al., 1995) and DAL11-13 grouped with the angiosperm clade

harboring AP3 and PI as reported by (Sundstrom et al., 1999).
In the first analysis, all Picea abies genes harboring alternate
MADS-box sequences, e.g., DAL3, DAL4, DAL19, DAL32, and
DAL33, fell into a common clade that formed a sister clade
to the angiosperm TM3 clade. As expected, transcript isoforms
belonging to the same MADS-box core sequence grouped
together. In the second analysis, which was based on only the
nucleotide sequences encoding MADS-domains, the majority of
the isoforms still grouped in the same sub-clade. However, the
internal relationships between isoforms and other MADS-box
genes changed, and transcript isoforms assigned to the same core
region were split up in different sub-clades. For example, in the
first analysis, DAL3 transcripts number 160 and 432 formed a
well-supported subclade (bootstrap value 99) together with the
transcript for DAL3 deposited in Genbank (XY6654356). In the
second analysis the DAL3 sub-clade was split into two distinct
sub-clades of which one grouped together with the transcript
DAL3 Like 966. In addition, there was lack of support for the
position of the DAL33 transcript number 162 in the larger sub-
clade of gymnosperm genes that formed a sister-clade to the
TM3-subclade.

Apart from DAL19, assembled isoforms that used mutually
exclusive exons in the 3′ region were detected for the gene DAL1.
In the phylogenetic reconstruction, DAL1 and its corresponding
isoforms did not group in the same sub-clade as the other
genes with reported 5′ isoforms. DAL1, DAL14, and the isoforms
represented by transcripts number 580 and 802 instead formed a
sister-clade to angiosperm AGL6/AGL2-like genes.

DISCUSSION

A multi-exon gene may be spliced into numerous variants
through exon skipping, exon mutual exclusion, intron retention,
or alternative splice site selection at the 3′ or 5′ end of exons
(A3 or A5, and as reviewed by Reddy et al., 2013). Our analysis
shows that all forms of alternative splicing occur in the MADS-
box gene family in P. abies. Notably, the use of mutually
exclusive first exons occurs strikingly often. We identified usage
of mutually exclusive first exons in the genes DAL3, DAL3_like,
DAL4, DAL19, DAL32, and DAL33. In these genes, the first
exon encodes the DNA-binding MADS-domain. It is the MADS-
domain that is responsible for the DNA-binding properties of
the proteins and it has been demonstrated that this domain
interacts with cis-regulatory DNA elements called CArG-boxes
(Riechmann et al., 1996). Recently, it has also been demonstrated
that small changes in the MADS-box amino acid composition
might influence the affinity of the MADS-box to different CArG-
box sequences (Smaczniak et al., 2017). The MADS-box domain
of isoforms containing DAL19_α or DAL19_β differs in several
amino acids: Two of the amino acids are in the highly conserved
IKRIENS-motif and five amino acids differ in the region of
the MADS-domain, which, according to structural models,
is thought to encode β-sheets (Supplementary Figure S6A).
A similar frequency of amino acid changes is also found in
the MADS-domains of DAL3, DAL3_like, DAL4, DAL19 and
DAL32 (Supplementary Figure S6A). We hypothesize that the
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isoforms of these genes have different affinity to different CArG-
box sequences and may thereby regulate different sets of target
genes. In the gene DAL33, one of the isoforms has diverged
considerably and has accumulated substitutions primarily in the
first and second positions of the triplet codons that encode the
MADS-domain signature motifs, indicating that this isoform of
DAL33 may confer a change or complete loss of DNA binding
properties to the DAL33 protein.

Apart from changes in DNA-binding properties, usage
of mutually exclusive first exons may also confer different
transcriptional activity. In fact, (Li et al., 2007) argue that
mutually exclusive usage of first exons may constitute a distinct
form of mutual exon exclusion because it also implies that
the isoforms are transcribed from different promoters. In line
with this, we detected differential expression of the isoforms
containing DAL19_α or DAL19_β across female, vegetative, and
male bud samples.

Several lines of evidence suggest that MADS-domain
transcription factors form homo or hetero dimers, reviewed by
Gramzow and Theissen (2010). In addition, both angiosperm
and gymnosperm MADS-domain transcription factors active
during reproductive development form multimeric complexes
that have the ability to bind several CArG-boxes through
DNA-looping (Kaufmann et al., 2005). Hence, the activity of a
MADS-domain protein is determined both by its DNA-binding
properties and its ability to interact with other MADS-domain
proteins and associated proteins. Structural characterization of
the intervening (I) and keratin-like (K) domains of SEPPALATA3
(SEP3) from Arabidopsis thaliana has demonstrated that the
domains form two amphipathic alpha helices and that regularly
spaced hydrophobic residues in those two helices are important
for dimerization and for the formation of higher order tetramer
complexes (Puranik et al., 2014). In the DAL19 protein, the
K-domain and the intervening region corresponds to the
core region (ψ) defined here. We found no evidence of usage
of mutually exclusive exons in the K-domain of the P. abies
MADS-domain proteins although occasional retention of
introns and alternative splice site selection could be observed.
This suggests that alternative splicing does not primarily affect
protein dimerization properties. This has implications for
the interpretation of functional relevance of the short mature
mRNA transcripts that lack DNA-binding MADS-domain i.e.,
DAL19_ψα or DAL19_ψβ. It is possible that transcription of
a short transcript that has the ability to interact with other
MADS-domain proteins but lacks the DNA-binding domain,
may in fact act as a dominant negative protein.

We also identified use of mutually exclusive exons in the 3′
region of the genes DAL1, and DAL19. In both genes, usage of
an alternate 3′ exon leads to a shorter mature mRNA transcript
that lacks the C-terminal signature motifs (Supplementary
Figure S6B). DAL19_δ harbors the signature motif (EVETQL)
commonly found in TM3-like genes, whereas transcripts ending
with the DAL19_γ exon yield a protein with a premature
stop codon. Similarly, transcripts ending with DAL1_α harbor
the AGL6-like motif (DCEPTLQIGY) whereas the usage of an
alternate 3′ C-terminal exon in DAL1_β leads to a pre-mature
stop codon directly after the K-domain. It has been demonstrated

that the C-terminal of MADS-box genes are critical for functional
specificity (Lamb and Irish, 2003) as the C-terminal may harbor
activation domains or allow interactions with specific proteins
(Litt and Irish, 2003). As judged by sequence comparison with
the structurally characterized SEP3-protein (Puranik et al., 2014),
the long protein isoforms of DAL1 and DAL19 have retained
conserved hydrophobic residues in the last part of the K-domain
that are important for dimerization and tetramerization. The
short versions have retained all residues of importance for
dimerization, but due to the usage of alternate 3′ exons they lack
part of the hydrophobic residues that have been shown to be of
importance for tetramerization in SEP3. Hence, provided that the
short transcript isoforms of DAL1 and DAL19 are translated into
proteins, the resulting proteins may have retained their ability to
dimerize but could have lost their ability to form higher order
complexes and may in fact work as dominant negative proteins.

The occurrence of alternatively spliced DAL19 and DAL1
isoforms with premature stop codons is analogous to the MADS-
box gene FLOWERING LOCUS M (FLM) in A. thaliana, which
in its active form acts as a repressor of flower development
(Pose et al., 2013). An increase in ambient temperature leads to
alternative splicing of the FLM transcripts and the formation of a
premature stop, which in turn triggers nonsense mediated decay
(Sureshkumar et al., 2016; Capovilla et al., 2017). In this case,
alternative splicing influences the amount of active protein in a
specific cell or tissue. In our data, isoforms containing DAL19_δ
were expressed at high levels in the epidermal layer of vegetative
and female bud meristems, whereas the isoforms containing
DAL19_y showed a complementary expression pattern in the
same meristem. This is strong evidence that cell-specific splicing
may occur within a single meristem. Alternative splicing may
down-regulate the amount of active protein in a specific cell
through nonsense mediated decay or expression of dominant
negative forms of the protein. This may contribute to the
establishment of sharp boundaries within a meristem between
cells that express the active form of the protein and cells that
express the inactive or dominant negative form of the protein.

Furthermore, apart from use of mutually exclusive first or last
exons, we also observe use of alternative 5′ and 3′ splice site
selection in DAL3, DAL4, DAL12, DAL21, DAL32, DAL4, DAL3,
DAL33, and DAL38. Studies in the model plant Arabidopsis
thaliana, and other angiosperm species, indicate that this form
of alternative splicing is more prevalent than the use of mutually
exclusive exons (Severing et al., 2012; Zhang et al., 2015; Luo
et al., 2017; Verhage et al., 2017). Among the P. abies MADS-
box genes, these alternative splice sites often result in frame shifts
and premature stop-codons shortly after the MADS-box region.
This suggests that several MADS-box genes may be translated
into both full-length proteins and micro-proteins.

Taken together, use of mutually exclusive first exons provides a
means to express MADS-box genes from different promoters in a
tissue or bud specific manner. The occurrence of different amino
acids in the MADS-domains may confer varying DNA-binding
properties to the resulting MADS proteins. This may affect the
selection of down-stream target genes and may thereby change
the regulation of bud development. The use of mutually exclusive
last exons or alternative splice site selection provides a means to
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either produce proteins with different function in a cell-specific
manner, or to establish sharp boundaries between an active and
an inactive isoform within a single meristem.

We also present a novel approach to transcriptome assembly.
We used this approach to assemble DAL19 transcript isoforms
that match the cloned and confirmed DAL19 isoforms αψγ, αψδ,
and βψγ, except for the 5′ ends of the α and β regions and the 3′
ends of the δ and γ regions. However, where the assembled and
cloned transcripts diverged, CCS reads supported the assembled
and not the cloned transcripts (dark green, dark blue, and dark
red colors in Supplementary Figures 2A,B). It is likely that the
cloned transcripts were shorter at the 3′ ends because the 5′/3′
RACE approach used to clone these transcripts is not guaranteed
to clone the full length of the 3′ transcript end. The divergence on
the 5′ end of the transcripts may be a rare variant in the P. abies
reference.

We furthermore used our assembly approach on nine other
bud samples to show that P. abies expresses hundreds of
transcript isoforms containing one of 38 MADS-box core
sequences. We found 933 plausible transcripts of which 152
were differentially expressed across bud types, and of which the
majority clustered in an expected manner with known DAL
transcripts in phylogenetic analyses of full-length transcripts and
of only the MADS-box region. A minority of plausible MADS-
box transcripts displayed different clustering between the two
phylogenetic analyses. This could be due to assembly errors or it
could reflect real gene fusions in the evolutionary history of these
transcripts.

Our assembly approach appears to have high sensitivity to
transcript isoforms of the MADS-box gene family in P. abies.
However, further work is needed to establish the false positive
rate of our method, how this method performs more generally
for the P. abies transcriptome, and how it can be used for
assembling the transcriptomes of other organisms. Our method
generates a candidate transcript for every possible 5′ to 3′ path
through a De Bruijn graph representation of RNA-seq reads, and
it relies on kallisto to filter these candidate transcripts down to
a reasonable number. Unfortunately, the number of candidate
transcripts generated scales exponentially with the number of
branches between any incoming and outgoing tip in the De
Bruijn graph. Therefore, genes with more splice variants or
sequence polymorphisms could cause the number of candidate
transcripts to grow to a size that kallisto cannot manage. Our
approach does not handle cycles in the graph, although links as
described by Turner et al. (2018) could be used to traverse small
cycles. Finally, our approach cannot detect truncated transcripts
together with full-length transcripts, as candidate transcripts may
only start on incoming tips of the De Bruijn graph. However,
allowing candidate transcripts to also start from k-mers with a
large coverage increase compared to their incoming neighbor
k-mers might allow the detection of truncated transcripts.

Phylogenetic reconstructions of the MADS-box gene family
have shown that functionally related genes group together
in monophyletic clades (see e.g., Becker and Theissen, 2003
and references within). Based on genome-wide analyses
and transcriptome data it has also been suggested that in
gymnosperms, MADS-box genes orthologous to DAL19 have

undergone a series of duplication events leading to a rapid
expansion in the number of genes and the formation of a
DAL19-clade in several gymnosperm lineages (Gramzow et al.,
2014; Chen et al., 2017).

Based on the phylogenetic reconstruction of the MADS-box
gene family and their transcript isoforms, all P. abies MADS-
box genes that display alternative splicing of mutually exclusive
first exons grouped together in the DAL19-clade. Hence, the
observed complexity in this clade may not only be due to
duplication events but also due to alternative splicing and usage
of mutually exclusive first exons. We also note that phylogenies
based solely on the conserved MADS-box may lead to an
overestimation of the number of genes and changes in the tree
topology, which in turn could influence the interpretation of the
phylogenetic relationships between different MADS-box genes.
Functional characterization of the angiosperm genes within the
TM3-like clade has demonstrated that several genes are involved
in the transition from vegetative to reproductive growth. We
hypothesize that increased complexity in terms of number of
genes and usage of transcript isoforms in the gymnosperm sister-
clade to TM3-like genes reflects a complex genetic regulation
of vegetative to reproductive phase change and cone-setting
in conifers and other gymnosperms. This regulation possibly
involves responses to environmental factors such as ambient
temperature or daylight that may influence splicing and the
transcription of different transcript isoforms. Temperature is, in
fact, used as a predictor of cone initiation in P. abies (Lindgren
et al., 1977), and we hypothesize that alternative splicing is one
of the molecular mechanisms employed by the tree to determine
whether or not to produce cones.
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Differences in the timing of vegetative-to-reproductive phase transition have evolved
independently and repeatedly in different plant species. Due to their specific biological
functions and positions in pathways, some genes are important targets of repeated
evolution – independent mutations on these genes caused the evolution of similar
phenotypes in distantly related organisms. While many studies have investigated
these genes, it remains unclear how gene duplications influence repeated phenotypic
evolution. Here we characterized the genetic architecture underlying a novel rapid-
flowering phenotype in Boechera stricta and investigated the candidate genes BsFLC1
and BsFLC2. The expression patterns of BsFLC1 suggested its function in flowering
time suppression, and the deletion of BsFLC1 is associated with rapid flowering
and loss of vernalization requirement. In contrast, BsFLC2 did not appear to be
associated with flowering and had accumulated multiple amino acid substitutions in the
relatively short evolutionary timeframe after gene duplication. These non-synonymous
substitutions greatly changed the physicochemical properties of the original amino
acids, concentrated non-randomly near a protein-interacting domain, and had greater
substitution rate than synonymous changes. Here we suggested that, after recent gene
duplication of the FLC gene, the evolution of rapid phenology was made possible by the
change of BsFLC2 expression pattern or protein sequences and the deletion of BsFLC1.

Keywords: Boechera stricta, FLOWERING LOCUS C (FLC), flowering time, gene duplication, repeated evolution

INTRODUCTION

Disentangling the genetic architecture underlying evolutionary changes is a critical task for
evolutionary geneticists, and the evolution of parallel phenotypic changes is particularly intriguing.
For example, did independent evolution of the same phenotypes occur through de novo genetic
changes in the same pathway, the same gene, or even the same nucleotide? Martin and Orgogozo
(2013) reviewed many cases of genetic changes underlying phenotypic differences and found more
than 100 cases describing “genetic hotspots” under repeated evolution.
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Repeated evolution through the same gene could happen
in two ways: independent gain or loss of function in separate
lineages. The latter should be more frequent than the former
because independent gain-of-function events often require the
same mutation on the same functional site. Independent
loss-of-function events, on the other hand, can happen in
many ways, such as point mutation creating a premature
stop codon, large insertions disrupting a gene, deletions
removing the whole gene or important functional sites, or
gene disruption by structural rearrangements. Recent gene
duplication adds another level of complexity to this question.
After gene duplication, duplicated homologs might undergo neo-
functionalization or sub-functionalization, which will facilitate
the gain of new functions. For loss-of-function events to happen,
many possibilities exist depending on how the genes were
duplicated. For example, if duplicated copies retain their original
function, such functional redundancy makes further loss-of-
function evolution difficult. On the other hand, one mutation
in the original copy can cause loss of function if the duplicated
copy does not retain the original function. This can happen
if (1) only a portion of the gene was duplicated, creating a
truncated and non-functional new copy, (2) the duplication
event did not cover important regulatory regions flanking the
gene, making the new copy cease to express in the same tissue
or time, or (3) the new copy was intact and had the same
spatiotemporal patterns of expression but later underwent amino
acid substitutions changing the protein function. Note that while
possibility (1) and (2) indicate a genetic change caused by the
duplication event itself, possibility (3) focuses on changes after
the duplication.

The onset of flowering marks the transition from vegetative
to reproductive phases of plants and is under strong natural
selection (Anderson et al., 2011; Munguía-Rosas et al., 2011).
In some Brassicaceae, the requirement for vernalization before
flowering is polymorphic, with vernalization requirement as
the ancestral state. In Arabidopsis thaliana, this is mainly
controlled by the natural variation of two floral suppressor
genes, FRIGIDA (FRI) and FLOWERING LOCUS C (FLC),
whose loss- or decrease-of-function mutations cause rapid
flowering without vernalization requirement (Michaels and
Amasino, 1999; Gazzani et al., 2003; Michaels et al., 2003;
Lempe et al., 2005; Shindo et al., 2005; Werner et al., 2005).
In this species, this phenotype has independently evolved from
different mutations in the same genes (Johanson et al., 2000;
Le Corre et al., 2002; Gazzani et al., 2003; Michaels et al.,
2003; Lempe et al., 2005; Shindo et al., 2005; Werner et al.,
2005; Méndez-Vigo et al., 2011; Li et al., 2014), constituting
a good example of repeated evolution through the same
gene.

Here we investigate the evolution of rapid lifecycle in Boechera
stricta (Brassicaceae), a perennial wild relative of Arabidopsis.
We ask whether parallel loss of vernalization responsiveness in a
rapid-flowering phenotype of B. stricta involved mutations in one
or both FLC homologs derived from a recent duplication event.
We identified the candidate gene and its duplicated homolog,
investigated their effects and expression patterns, and showed
that the duplicated copy may have lost its flowering-related

functions, allowing the evolution of rapid life cycle through
deletion of the original FLC copy.

MATERIALS AND METHODS

Plant Material and Flowering Time
Estimation
Boechera stricta is a short-lived and predominantly self-fertilizing
perennial native to the Rocky Mountains in North America.
It has two subspecies (Lee and Mitchell-Olds, 2011; Lee et al.,
2017) differing in many life history traits, with the EAST
subspecies flowering faster than the WEST subspecies under most
greenhouse and vernalization conditions (Lee and Mitchell-Olds,
2013). Previously, a major QTL, nFT, containing the candidate
flowering time gene FT, was identified controlling phenological
traits and local fitness in various environments (Anderson et al.,
2011, 2012, 2014). Further investigations showed that the two
parental alleles are identical in coding sequences but different
in expression (Lee et al., 2014). In this study we investigated
natural variation in vernalization requirement, which has not
been previously studied in this species.

From a sample of ∼250 B. stricta accessions from the
Northern Rocky Mountains (Lee and Mitchell-Olds, 2011), we
identified one accession with very rapid flowering time from
the EAST subspecies (family number 24B from the Moonrise
Ridge population from Idaho, 44◦ 39′ N, 114◦ 32′ W, hereafter
MR24). In the absence of vernalization in the greenhouse a
typical B. stricta plant did not flower until 4–6 months, whereas
the MR24 accession flowered within 2 months. We chose 14
accessions from the Moonrise Ridge population and performed
complete randomized block experiments in the greenhouse to
characterize flowering phenology with or without vernalization.
To minimize maternal effects, we used seeds from accessions that
were grown in the greenhouse for at least one generation. The
greenhouse experiment consisted of 14 accessions, with seven
from the faster and seven from the slower phenology groups.
Each block contained 84 individuals with six plants from each
accession, where three individuals were assigned to vernalization
and three to the non-vernalization treatment. A total of seven
blocks (588 plants) were used in this experiment. Like A. thaliana,
B. stricta is a naturally self-fertilizing species, and sibling plants
of the same accession were treated as replicated genetic clones
throughout this study. Seeds were stratified in 4◦C for 4 weeks,
and seedlings were grown in “cone-tainer” racks (Stuewe &
Sons Inc., Tangent, OR, United States) in the same environment
(16-h days and 20◦C ambient temperature) described in Lee
and Mitchell-Olds (2013). When 2-month old, plants in the
vernalization treatment were moved to 4◦C, 10-h days for
6 weeks, and plants in the non-vernalization treatment remained
in the greenhouse. The vernalization treatments for all following
experiments were performed under the same condition (4◦C,
10-h days) to simulate field environments during late winter and
early spring. Since such treatment changed both temperature
and day length, we recognize the caveat that we may not be
able to separate effects from the two factors on flowering. We
recorded flowering time (days to first flower) and leaf number
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when flowering. For plants with vernalization, the duration under
vernalization was subtracted from the estimation of flowering
time, thus recording the number of days under warm conditions.
The data were analyzed with mixed-effect ANOVA using days to
first flowering or leaf number when first flowering as the response
variable. Treatment (vernalization/non-vernalization) was used
as fixed effect. Block, accession, and accession by treatment
interaction were treated as random effects in JMP 8 (SAS, Cary,
NC, United States).

Candidate Gene Profiling for Rapid
Phenology
To identify candidate genes controlling the rapid phenology of
MR24, we compared MR24 with a local accession (MR7A), whose
flowering was significantly accelerated by vernalization. Using
genomic DNA and cDNA from rosette leaves, we performed
PCR and reverse transcription PCR (RT-PCR) on FLC, an
important gene controlling the vernalization requirement in
Arabidopsis (Michaels and Amasino, 1999; Sheldon et al., 2000;
Shindo et al., 2005). All primer sequences are available in
Supplementary Table S1. A previous study identified two FLC
homologs in the Boechera genome (Schranz et al., 2007).
This gene duplication is not due to polyploidy or tandem
duplication, but rather by a transposition duplication (Lee
et al., 2017). BsFLC1 locates in the ancestral syntenic position
(Scaffold13175 on chromosome 6) with Arabidopsis FLC, while
BsFLC2 was duplicated and transposed to Scaffold18351 on
B. stricta chromosome 5. Based on this information, we designed
copy-specific PCR primers for B. stricta FLC RT-PCR (BsFLC1:
primer FLC-B and FLC1-C, BsFLC2: primer FLC-B and FLC2-
C, Supplementary Table S1). To further investigate whether the
lack of BsFLC1 PCR amplification is due to a missing BsFLC1
or mutations in primer binding sites, we used three forward
primers conserved between BsFLC1 and BsFLC2 (FLC-B, FLC-
F, FLC-G, Supplementary Table S1) and three BsFLC1-specific
reverse primers (FLC1-C, FLC1-D, FLC1-E, Supplementary Table
S1) to generate nine PCR amplicons for the genomic DNA of
BsFLC1.

We further used Nanopore long-read sequencing technology
to identify the extent of deletion. Genomic DNA of the MR24
accession was extracted using a modified CTAB protocol (Doyle
and Doyle, 1987), and the library was made with the Nanopore
Rapid Sequencing Kit (SQK-RAD004) and sequenced in one
R9.4 flow cell. All library preparation and sequencing steps were
performed according to standard Nanopore protocols. Resulting
reads in fastq format were mapped to the B. stricta reference
genome v1.2 (Lee et al., 2017) using GraphMap (Sović et al., 2016)
and visualized with Integrative Genomics Viewer (Robinson
et al., 2011). We designed primer pairs spanning the inferred
chromosomal deletion and confirmed the deletion with PCR and
Sanger sequencing.

Test of BsFLC1 Effects on Flowering
Time
To test whether the lack of BsFLC1 co-segregated with
rapid phenology in progeny of accession MR24, we

performed a controlled cross between MR24 (with the
BsFLC1 deletion) and MAH (with a functional BsFLC1
and requiring vernalization). From a self-fertilized hybrid
F1 we obtained 1,000 F2 individuals. These seeds, along
with 39 replicated individuals from each parental accession,
were stratified in 4◦C for 4 weeks, and seedlings were
randomized and grown in the greenhouse without
vernalization.

The presence or absence of the BsFLC1 PCR amplicon is a
dominant marker in this cross (both MAH homozygotes and
heterozygotes have visible BsFLC1 amplicon on agarose gel). We
identified one polymorphic microsatellite co-dominant marker
(marker JGI13175-36 at around 513 kb in Scaffold13175, 73 kb
away from BsFLC1) and genotyped this marker in 384 F2
individuals for the effect of BsFLC1.

Comparing the Expression Patterns and
Molecular Evolution of BsFLC Copies
To characterize the possibly differentiated functions between
these two BsFLC copies, we first investigated the expression
profiles of both BsFLC copies as well as FT and SOC1, two
floral pathway integrator genes that are directly inhibited by
FLC in Arabidopsis (Helliwell et al., 2006). Multiple individuals
from two accessions (MAH with functional BsFLC1 and MR24
with BsFLC1 deletion) were used in the experiment. Seeds
were stratified in 4◦C for 4 weeks. Plants were randomized
and grown in the greenhouse for 7 weeks and separated
into two experimental groups, either with or without 6-week
vernalization in 4◦C under 10-h days. One of the target
genes, FT, exhibits circadian rhythm in gene expression in
Arabidopsis, and under 16-h days its maximum expression is
in leaves in the end of daytime (Yanovsky and Kay, 2002;
Cheng and Wang, 2005; Kim et al., 2008). In addition, FLC
and SOC1 also express in Arabidopsis leaves (Lee and Lee,
2010). We therefore used leaf tissues collected around 22:00 h
(the sunset of 16-h days in the greenhouse) for expression
profiling. Young leaves from four individuals of each accession
were collected from six time points (Supplementary Figure
S1: BV – before vernalization, when plants were 7 weeks
old; NV1 – no vernalization group 1, when plants were 9
weeks old, and MR24 flowered but MAH did not; NV2 –
no vernalization group 2, when plants were 18 weeks old,
and MR24 had mature and dehiscing siliques but MAH had
first flowers; AV1 – after vernalization group 1, 1 week after
vernalization when MR24 flowered but MAH did not; AV2 –
after vernalization group 2, 3.5 weeks after vernalization when
MR24 had flowers and fruits but MAH had only flowers; AV3 –
after vernalization group 3, 6 weeks after vernalization when
both accessions had only fruits). We used Sigma SpectrumTM

Plant Total RNA Kit for RNA extraction and Thermo Scientific
DyNAmo cDNA Synthesis Kit for cDNA synthesis, resulting in
47 separate samples (six time points with two accessions and four
individual plants each, where one sample was lost during RNA
extraction).

qPCR from cDNA was performed for five genes (BsFLC1,
BsFLC2, FT, SOC1, ACT2), with ACT2 as the reference gene.
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For each sample, gene expression was estimated with the 1Ct
method:

Relative expression to ACT2 = 2∧(CtACT2 − CtGene),

where CtACT2 is the Ct value of ACT2, and CtGene is the Ct value
of target genes (BsFLC1, BsFLC2, FT, or SOC1). Using expression
relative to ACT2 as the response variable, statistical analyses
(ANOVA) were conducted separately for each target gene, where
genotype (MR24 or MAH), time point (BV, NV1, NV2, AV1,
AV2, or AV3), and their interaction were treated as fixed effects in
JMP 8 (SAS, Cary, NC, United States). To analyze the correlation
of gene expression across the six time points, for each genotype
separately, we further calculated the pairwise Spearman’s rank
correlation coefficient ρ between the four target genes.

To characterize the evolutionary history of the two BsFLC
copies, we cloned and sequenced their full-length coding
sequences in B. stricta accessions MR24, MAH, and LTM
(accession for the reference genome). The sequences were
deposited in GenBank under the accession numbers MH166767–
MH166771. RNA was extracted with “Sigma SpectrumTM

Plant Total RNA Kit” from rosette leaves, and cDNA was
synthesized with “Life Technologies ThermoScriptTM RT-PCR
System for First-Strand cDNA Synthesis.” cDNA was amplified
with conserved primers for both FLC copies (FLC-H in 5′
UTR and FLC-I in 3′ UTR, Supplementary Table S1 and
Supplementary Figure S2) and cloned in “Thermo Scientific
CloneJET PCR Cloning Kit.” Full-length coding sequences
of other Brassicaceae species were obtained from GenBank:
Arabidopsis arenosa FLC1 (DQ167446) FLC2 (DQ167444),
Arabidopsis halleri (AB465585), Arabidopsis suecica (DQ167447),
Brassica napus FLC1 (AY036888) FLC2 (AY036889) FLC3
(AY036890) FLC4 (AY036891) FLC5 (AY036892), Brassica rapa
(EF460819), Brassica oleracea (AY273161), Capsella rubella
(JQ993010), Cardamine flexuosa (KC618318), Eutrema wasabi
(HM639741), Sinapis alba (EF542803), Thellungiella halophila
(AY957537), and Raphanus sativus (JX050205).

FLC coding sequences of Brassicaceae were examined in
MEGA 4 (Tamura et al., 2007). A phylogenetic tree was
reconstructed in MrBayes v3.1.2 (Ronquist and Huelsenbeck,
2003) with generalized time reversible model allowing invariable
sites and gamma distribution for evolutionary rate difference
among sites. Two independent runs were performed with eight
chains. Trees were sampled every 1,000 generations, and the first
500 trees were discarded, leaving 1,500 trees for the tree topology
summary. We only kept the tree topology and branch support
from MrBayes (Rannala et al., 2012), and branch lengths were
estimated with maximum likelihood in PAUP∗ 4.0b10 (Swofford,
2003) with the same model described above.

Our results showed that the two BsFLC copies in B. stricta
were generated by a gene duplication event after Boechera
diverged from Arabidopsis and Capsella. We therefore used
Arabidopsis FLC as the outgroup to analyze patterns of molecular
evolution after BsFLC duplication. The ancestral sequence before
gene duplication was reconstructed using PAML 4 (Yang,
2007), and synonymous and nonsynonymous substitutions were
estimated with DnaSP v5 (Librado and Rozas, 2009). We

further used PAML 4 to test three hypotheses: (1) Whether
the dN/dS values are significantly different between BsFLC1
and BsFLC2 (using the branch model, where the dN/dS values
for the two genes are the same in the null hypothesis but
different in the alternative hypothesis); (2) Whether the dN/dS
value for BsFLC2 is significantly higher than one, showing
signs of positive selection (using the branch model, where
the dN/dS value for BsFLC2 was restricted to one in the null
hypothesis but unrestricted in the alternative hypothesis); and
(3) Was there any codon site under strong positive selection
on the BsFLC2 branch (the branch-site model, Zhang et al.,
2005).

We used custom R scripts (R Core Team, 2014) to investigate
whether amino acid substitutions accumulated on BsFLC2 after
gene duplication occurred randomly on the protein or clustered
in a specific functional domain. Among the total of 196 amino
acids in this protein, we randomly draw nine “substitutions”
(BsFLC2 accumulated nine substitutions after duplication) and
recorded the number of substitutions inside the K-box domain.
This procedure was repeated 1,000 times, and the observed
value was compared with the distribution of 1,000 K-box-specific
substitutions under the assumption that substitutions occurred
randomly along the protein.

RESULTS

High Genetic Variation for Phenology
Within a Population
Accessions from the Moonrise Ridge population showed highly
significant differences in their phenology and response to
vernalization treatment. Specifically, treatment and accession-
by-treatment interaction had highly significant effects on both
flowering time and leaf number at first flower (Figure 1 and
Table 1). Notably, while vernalization accelerated flowering
in most accessions, the accession MR24 exhibited rapid
flowering regardless of the vernalization treatment. This lack of
vernalization requirement in MR24 is unusual in B. stricta, and
we focused on the genetic mechanism underlying this trait.

Candidate Gene Profiling Odentified
BsFLC1 as Possible Causal Gene
Since the flowering of MR24 was not affected by vernalization,
we investigated homologs for the candidate genes FLC (the key
gene underlying the vernalization requirement in Arabidopsis) in
the rapid-flowering MR24 and slow-flowering MR7A accessions.
Previous work identified two FLC copies in Boechera (Schranz
et al., 2007), and these two copies showed distinct patterns
between MR24 and MR7A (Figure 2): while BsFLC2 is present
and expressed in both accessions, the BsFLC1 locus was only
amplified in the slow-flowering MR7A but not the rapid-
flowering MR24 accession. To test whether this lack of BsFLC1
amplification in MR24 was due to deletion of BsFLC1 or mutation
in primer binding sites, three forward and three reverse primers
were used to amplify BsFLC1, and products from all nine primer
combinations were successfully amplified in MR7A but not in
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FIGURE 1 | Phenology of accessions from the Moonrise Ridge population.
(A) First flowering time in days after germination and (B) leaf number when
first flowering. Each colored line represents one accession. One accession,
MR24, has rapid flowering regardless of vernalization treatment.

MR24. We therefore conclude that BsFLC1 was lost in the rapid-
flowering MR24 accession. FLC in Arabidopsis functions as a
floral repressor and is suppressed by vernalization, and the lack of
BsFLC1 in MR24 is consistent with its rapid-flowering phenotype
regardless of vernalization treatment.

We used the Nanopore long-read sequencing technology to
confirm and investigate the extent of this deletion. We identified
three reads supporting the chromosomal deletion. Further PCR
and Sanger sequencing from primer pairs spanning the deletion
breakpoint confirmed this finding (Supplementary Figure S3).
This deletion covers BsFLC1 and is about 19-kb long, ranging
from 435.5 to 545.6 kb on Scaffold13175 of the reference genome.
In addition, another upstream ∼9 kb deletion was identified by
a long read (Supplementary Figure S3). This region might be
an accession-specific insertion in the LTM reference genome, as
we did not find this indel in the alignment between this long
Nanopore read and the Boechera retrofracta (a sister species of
B. stricta) assembly (Kliver et al., 2018).

The Effect of BsFLC1 on Flowering Time
To estimate the effect of the BsFLC1 deletion, flowering time
was measured in 1,000 F2 plants (Supplementary Figure S4)
from a cross between parents MR24 (with BsFLC1 deletion) and
MAH (with functional BsFLC1), and 384 plants were genotyped

for a microsatellite marker (JGI13175-36) ∼73 kb from BsFLC1
in the reference genome and ∼58 kb from the deletion in the
MR24 genome. From the re-sequencing of 159 F6 recombinant
inbred lines (Lee et al., 2017), no recombination event was
observed between BsFLC1 and this microsatellite marker. The
microsatellite had highly significant association with flowering
time (Figure 3, P = 10−61), accounting for about 70% of
phenotypic variation in the F2 plants, and the number of
functional BsFLC1 alleles showed roughly additive effects on
flowering time (Figure 3), consistent with other Brassicaceae
species (Schranz et al., 2002). Our results are therefore consistent
with the hypothesis that the BsFLC1 deletion is associated with
the rapid phenology in MR24 accession.

TABLE 1 | Analysis of variance of phenology in the Moonrise Ridge population.

Flowering time Leaf number when flowering

Factor (effect) Statistica P-value Statistic P-value

Vernalization (fixed) F1,13 = 54.71 <0.001 F1,13 = 18.47 <0.001

Accession (random) x2
1 = 1.01 0.315 x2

1 = 0.05 0.822

Accession
∗Vernalization
(random)

x2
1 = 980.27 <0.001 x2

1 = 545.26 <0.001

Block (random) x2
1 = 0 1.000 x2

1 = 6.60 0.010

aSignificance of random effects was determined by likelihood ratio test between
models with or without these effects. Subscript numbers after F denote the
numerator and denominator degrees of freedom, and the subscript number after
x2 denotes degrees of freedom for likelihood ratio test.

FIGURE 2 | Candidate gene profiling of two FLC copies. Labels for each gene
(BsFLC1 or BsFLC2), accession (MR24 or MR7A), and PCR template (cDNA
or genomic) are above each lane. RNA was extracted from leaves in the
rosette stage grown in 16-h day greenhouse condition. Ladder band from top
to bottom (kb): 10, 5, 3, 2, 1.2, 0.85, 0.5, 0.3, 0.1.
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Expression Patterns of BsFLC1, BsFLC2,
FT, and SOC1
While the previous F2 linkage analysis showed the genomic
region containing BsFLC1 deletion is strongly associated with
rapid phenology, many genes exist in this genomic region. To
find further support that BsFLC1 is associated with flowering
time but BsFLC2 is not, we used qPCR to characterize the
expression pattern of the two genes, as well as FT and SOC1, two
floral pathway integrators that are directly inhibited by FLC in
Arabidopsis (Helliwell et al., 2006). Replicated individuals from
two parental accessions (MR24 and MAH) were sampled across
six time points with or without vernalization (Supplementary
Figure S1). Due to the deletion, BsFLC1 in MR24 had no qPCR
signal (Figure 4A). Both genes have similar levels of expression
during the rosette stage before vernalization. The expression
of BsFLC1 in MAH associated strongly with plant stage: high
expression in vegetative stage but low in reproductive stage
(Figure 4A). In rosettes, BsFLC1 expression was suppressed
by vernalization (Figure 4A from time point BV to AV1) and
decreased through time even without vernalization treatment
(Figure 4A from time point BV to NV1 to NV2). On the other
hand, the expression pattern of BsFLC2 had no clear association
with plant stages. In fact, the high expression of BsFLC2 in
some reproductive stages suggested this gene did not retain the
ancestral function to suppress flowering (Figure 4B). BsFLC2
was also suppressed by vernalization in either accessions with or
without BsFLC1, although the magnitude of suppression is not as
much as BsFLC1 (Figure 4B from time point BV to AV1).

In the MAH accession with functional BsFLC1, the expression
pattern of two downstream floral integrators, FT and SOC1, also
associated strongly with plant stages (Figures 4C,D). Opposite to
BsFLC1, both genes had higher expression during reproductive
but lower expression in vegetative stages, although the pattern
in FT was less clear due to its generally lower expression. In
addition, the correlation between BsFLC1 and SOC1 expression
was strongly negative across these six time points (Spearman’s
ρ = -0.94, P = 0.005, Table 2). In the MR24 accession with BsFLC1
deletion, however, the association between FT or SOC1 and plant
stage was disrupted (Figures 4C,D). BsFLC2 had no significant
correlation with the two downstream genes in either MAH or
MR24 (Table 2).

In summary, BsFLC1 in B. stricta may have retained the
ancestral flowering-related function: its expression has high
association with the vegetative/reproductive plant stages, is
reduced after vernalization treatments, and is correlated with
downstream flowering genes. In contrast, BsFLC2 may have
diverged in function, although its expression was still suppressed
by vernalization.

Evolution of the Two FLC Copies After
Gene Duplication
Phylogenetic reconstruction of FLC homologs across
Brassicaceae showed clearly that the gene duplication event
happened after the Boechera-Arabidopsis divergence (Figure 5).
We therefore focused our analysis on BsFLC1 and BsFLC2
within Boechera, using Arabidopsis FLC as the outgroup.

FIGURE 3 | BsFLC1 deletion significantly accelerates flowering (P = 10−61) in
384 F2 individuals. Bars represent the mean and standard error of the days to
first flower in three genotypes of a microsatellite marker 73 kb from BsFLC1.
All three bars are significantly different under the Tukey’s Honest Significant
Difference test.

After duplication, BsFLC1 accumulated three substitutions
(one synonymous and two non-synonymous) while BsFLC2
accumulated 10 substitutions (one synonymous, eight non-
synonymous, and a three-codon deletion). Using all substitution
types, Tajima’s relative rate test (Tajima, 1993) identified no
strong evolutionary rate difference between the two copies
(x2

1 = 3.769, P = 0.052). Considering only non-synonymous
substitutions, the evolutionary rate of BsFLC2 is significantly
higher than BsFLC1 (x2

1 = 4.455, P = 0.036). In addition, BsFLC2
accumulated more non-synonymous substitutions than BsFLC1,
resulting in much higher dN :dS ratio (0.608 for BsFLC1 and 2.460
for BsFLC2, without considering the three-codon deletion in
BsFLC2, Table 3). However, statistical tests using PAML showed
that: (1) The dN :dS ratios do not differ significantly between
BsFLC1 and BsFLC2 (P = 0.421); (2) The dN :dS ratio for BsFLC2
is not significantly different from 1.0 (P = 0.235); and (3) There
is little evidence that specific codons on the BsFLC2 lineage were
under positive selection (P = 0.236).

The distribution of amino acid substitutions after gene
duplication is not random (Supplementary Figure S5). The
two amino acid substitutions on BsFLC1 do not have an
obvious spatial concentration. In contrast, all BsFLC2 changes are
concentrated on or near the K-box domain. Assuming amino acid
substitutions happened independently and randomly on BsFLC2,
it is highly unlikely that eight out of nine amino acid changes
would be located inside the K-box domain (P = 0.006), as only six
out of one thousand resampling trials gave eight or more changes
within the K-box domain. The types of amino acid substitutions
also differed between the two BsFLC copies. While both BsFLC1
substitutions and most substitutions on BsFLC2 resulted in
the change of amino acids with physicochemical distances
less than 56 (Grantham, 1974), the BsFLC2 lineage contained
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FIGURE 4 | Expression patterns of four flowering-related genes (A) BsFLC1, (B) BsFLC2, (C) FT, and (D) SOC1. Shown are the means and standard errors of
relative expression to reference gene ACT2 from two parental accessions and six time points. For each graph, the horizontal axis first separates the two accessions
(MR24/MAH) then the six time points (BV to NV2: BV – before vernalization, 7-week plants. NV1 – no vernalization group 1, 9-week plants. NV2 – no vernalization
group 2, 18-week plants; AV1 – after vernalization group 1, 1 week after vernalization; AV2 – after vernalization group 2, 3.5 weeks after vernalization; AV3 – after
vernalization group 3, 6 weeks after vernalization. Detailed timeframe in Supplementary Figure S1). Capital letters above each bar represent the stage of experimental
plants (R, rosette; FO, flowers only; FS, with flowers and siliques; SO, siliques only).

three nearby amino acid substitutions that greatly altered the
physicochemical properties on these positions (distance of 99,
109, and 98 for amino acid positions 116, 118, and 121,
respectively, Supplementary Figure S5).

DISCUSSION

Repeated Evolution of Flowering Time
Variation Through Change of FLC
While phenotypic changes can be achieved by segregation
and recombination of standing genetic variants, mutations
play an important role in generating novel phenotypes. Novel
mutations differ in size (from Mendelian to polygenes) and
direction (from advantageous, neutral, to deleterious) of their
effects (Orr, 2005; Eyre-Walker and Keightley, 2007). Due to
their unique roles in development or positions in biochemical
pathways, genes with large effect may often be the targets
of repeated evolution for similar phenotypes (Martin and
Orgogozo, 2013). The FLC gene constitutes one example.
In addition to BsFLC1 in B. stricta, independent mutations
in FLC homologs cause heritable variation in vernalization
requirement of flowering time in other Brassicaceae species
(Alonso-Blanco and Méndez-Vigo, 2014) such as A. thaliana

(Michaels et al., 2003; Lempe et al., 2005; Shindo et al., 2005;
Werner et al., 2005; Méndez-Vigo et al., 2011), Arabidopsis lyrata
(Kemi et al., 2013), Arabis alpina (Wang et al., 2009; Albani
et al., 2012), Capsella rubella (Guo et al., 2012; Yang et al., 2018),
Brassica napus (Tadege et al., 2001), Brassica oleracea (Okazaki
et al., 2007), and Brassica rapa (Schranz et al., 2002). Recently,
ODDSOC2, the FLC/MAF ortholog in monocots, was also shown
to be associated with the vernalization requirement of flowering
in Brachypodium distachyon (Sharma et al., 2016).

Here we studied the genetic architecture of rapid phenology
in B. stricta and investigated the two FLC homologs in
B. stricta. We showed that the gene duplication event is
specific to Boechera (Figure 5), and previous data have

TABLE 2 | Pairwise correlation (Spearman’s ρ, with P-values in parentheses)
between the expression patterns of four genes from six time points in two
accessions (upper triangle, MAH; lower triangle, MR24, the accession without
BsFLC1).

BsFLC1 0.43 (0.397) −0.43 (0.397) −0.94 (0.005)

– BsFLC2 −0.71 (0.111) −0.66 (0.156)

– −0.43 (0.397) FT 0.60 (0.208)

– −0.26 (0.623) 0.66 (0.156) SOC1
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FIGURE 5 | Phylogenetic reconstruction of FLC coding sequences in Brassicaceae, showing that the gene duplication event creating BsFLC1 and BsFLC2 in
Boechera stricta happened after the divergence between Boechera and Arabidopsis. The number above each internal branch represents posterior probability from
Bayesian inference method. For sequences obtained from GenBank, accession numbers are labeled in front of species names.

identified both FLC copies in multiple Boechera species (Schranz,
unpublished data). BsFLC1 is the homolog of A. thaliana FLC
in the syntenic region. This genomic region controls large
variation in flowering time (Figure 3), and accessions with
the BsFLC1 deletion (Figure 2 and Supplementary Figure S3)
flowered rapidly regardless of vernalization treatment (Figure 1).
We recognize that our vernalization treatment changed both
temperature and photoperiod within biologically realistic limits,
and there may be other genetic mechanisms affecting such
response. In addition, the expression pattern of BsFLC1 is
similar to other Brassicaceae plants and highly associated
with plant vegetative/reproductive stages and the expression
pattern of downstream flowering genes (Figure 4 and Table 2).
In the annual plant A. thaliana, FLC expression is stably
repressed epigenetically after vernalization and “reset” only
during embryogenesis (Sheldon et al., 2008; Choi et al., 2009;
Berry and Dean, 2015). In perennial plants such as Arabis
alpina, expression of FLC is also repressed during but restored
after vernalization, allowing plants to return to the vegetative
stage (Wang et al., 2009; Kiefer et al., 2017). The expression

pattern of BsFLC1 is similar to the latter, consistent with the
perenniality of B. stricta. Our analyses suggest that after gene
duplication, BsFLC1 likely retained the ancestral function to
suppress flowering, and the evolution of rapid phenology in
B. stricta accession MR24 happened through the deletion of
BsFLC1.

Change of BsFLC2 Function Enables
Evolution of Rapid Phenology Through
BsFLC1 Deletion
The other gene, BsFLC2, is the unlinked and duplicated paralog.
The mismatch between BsFLC2’s expression pattern and plant
vegetative/reproductive stage, as well as its strong expression in
the fast-flowering MR24 accession, suggest it does not retain
the ancestral function to control flowering (Figure 4). As a
result, one deletion event in BsFLC1 is enough to generate the
loss-of-vernalization-requirement phenotype in MR24.

As to how or when BsFLC2 lost the flowering-related
functions, there are several possibilities (Introduction). First, only

TABLE 3 | Synonymous and non-synonymous substitutions in BsFLC1 and BsFLC after gene duplication.

Gene S differences S sites dS N differences N sites dN dN/dS

BsFLC1 1 134.33 0.0074 2 444.67 0.0045 0.6081

BsFLC2 1 134.50 0.0074 8 444.50 0.0182 2.4595

This table compares the difference between each gene and the ancestral sequence before gene duplication. Columns: S differences, number of synonymous differences;
S sites, number of synonymous sites; dS, S differences/S sites; N differences, number of nonsynonymous differences; N sites, number of nonsynonymous sites; dN, N
differences/N sites.
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part of the gene was duplicated, and BsFLC2 is a truncated non-
functional gene. Our results show that BsFLC2 is likely to be
functional given its intact and in-frame coding sequence, the
conserved MADS-box domain (Supplementary Figure S5), the
retention of several kbs of ancestral sequence upstream and
downstream (Supplementary Figure S6), and the ability to be
suppressed by vernalization.

Second, the duplication event may disrupt the upstream
or downstream regulatory sequence, causing BsFLC2 to be
expressed in completely different tissues or times, thereby
altering the biological function of BsFLC1. We observe that
the expression patterns between the two copies are qualitatively
similar (Figure 4): both copies had similar levels of expression in
young rosette leaves (where and when the flowering-suppression
function happened) and were suppressed by vernalization. The
duplication event therefore does not seem to dramatically change
the expression pattern of BsFLC2. We note, however, that there
are subtle differences between the two copies: BsFLC2 expression
was not suppressed by vernalization as much as BsFLC1, and
it was highly expressed during the flowering stage for plants
without the vernalization treatment (Figure 4). Since the precise
regulation of A. thaliana FLC requires non-coding regions within
and flanking the gene (Michaels and Amasino, 1999; Swiezewski
et al., 2009; Sun et al., 2013; Csorba et al., 2014), BsFLC2 might
not retain enough ancestral regulatory sequences (Supplementary
Figure S6). Therefore, it is possible that the duplication event may
cause BsFLC2 to exhibit slightly different expression patterns than
BsFLC1, although it remains unclear whether such difference was
directly caused by or happened after the gene duplication event.

While the two previous possibilities concern the duplication
event directly disrupting the coding sequence or regulatory
region of BsFLC2, our results are also consistent with the third
hypothesis: the coding and regulatory functions of BsFLC2
remained largely unaffected by the gene duplication event, and
BsFLC2 diverged in protein function afterward. We observed
protein sequence evolution in BsFLC2 that cannot be completely
explained by neutral evolution following gene duplication.
Depending on the methods used, we sometimes obtained
mixed results regarding whether the evolutionary rate differs
significantly between BsFLC1 and BsFLC2. It should be noted
that these results might be in part due to the lack of statistical
power, given the limited number of nucleotide substitutions after
this very recent gene duplication event. In addition, these dN/dS-
based methods ignored the three-codon deletion in BsFLC2,
which removed three amino acids in a functionally important
domain (below).

The FLC protein is a MIKC-type protein, consisting of
the MADS (M-), intervening (I-), keratin-like (K-), and
C-terminal (C-) domains (Theißen et al., 1996; Kaufmann
et al., 2005). The major function of MADS-box is DNA-
binding (Kaufmann et al., 2005), and in FLC this domain
is associated with chromatin interactions of FT and SOC1
(Helliwell et al., 2006), two downstream floral pathway integrator
genes. The other domains, especially the K-box domain, are
associated with dimerization or protein-protein interaction
(Kaufmann et al., 2005) and may be important to form the
functional protein complex, as multiple FLC proteins were

identified in the same multimeric protein complex (Helliwell
et al., 2006). All amino acid substitutions in BsFLC2 are
concentrated near the K-box (Supplementary Figure S5),
suggesting that the BsFLC2 protein may have undergone
functional change after gene duplication, interacting with other
proteins.

In this study, we investigate the interplay between loss-
of-function evolution and gene duplication. We show that
BsFLC1 and BsFLC2 differ slightly in expression patterns,
which might be caused either directly by the gene duplication
event or by later mutations. More importantly, after gene
duplication BsFLC2 accumulated amino acid substitutions
in a speed higher than neutral evolution and in a region
more concentrated than random expectation, suggesting
directional selection driving its protein sequence evolution.
We propose such changes alter protein functions, allowing a
single deletion event encompassing BsFLC1 to create a novel
loss-of-vernalization-requirement phenotype in the MR24
accession despite the continual expression of BsFLC2 in rosette
leaves.
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The flower of angiosperms is considered to be a major evolutionary innovation that
impacted the whole biome. In particular, two properties of the flower are classically
linked to its ecological success: bisexuality and a differentiated perianth with sepals and
petals. Although the molecular basis for floral organ identity is well understood in extant
species and summarized in the famous ABC model, how perianth identity appeared
during evolution is still unknown. Here we propose that cadastral mechanisms that
maintain reproductive organ identities to the center of the flower could have supported
perianth evolution. In particular, repressing B- and C-class genes expression toward
the inner whorls of the flower, is a key process to isolate domains with sepal and petal
identity in the outer whorls. We review from the literature in model species the diverse
regulators that repress B- and C-class genes expression to the center of the flower.
This review highlights the existence of both unique and conserved repressors between
species, and possible candidates to investigate further in order to shed light on perianth
evolution.

Keywords: perianth, flower, evolution, petal, sepal, ABC model

INTRODUCTION

Flowering plants (angiosperms) gather more than 350,000 species, a stunning number in regard to
all other land plants that count no more than 35,000 species (The Plant List, 2013). This dominance
of angiosperms might be partly due to the flower, a highly efficient structure for reproduction
(Regal, 1977). The flower has some key features such as bisexuality, a closed carpel, and a perianth
(i.e., the structure that surrounds the reproductive organs, typically organized in sepals, and petals)
that can attract pollinators and therefore participate in the speciation process (Fenster et al.,
2004). This is mainly supported by the petals, that display a complex set of traits such as color,
fragrance, shape, or epidermal cell patterns (Glover, 2014). Petals can also assist in flower opening
(van Doorn and Van Meeteren, 2003), while sepals mainly protect the other floral organs. In this
review we will use the term petal and sepal as a functional definition for all petaloid (showy and
playing an attractive role) and sepaloid (greenish and playing a protective role) organs, respectively,
irrespective of their position in the flower. With this definition, all petals (and all sepals) are
therefore not necessarily homologous organs (Ronse De Craene and Brockington, 2013).

Although recent research has led to considerable progress on the question of the origin
of the flower (Moyroud et al., 2017; Sauquet et al., 2017), large questions are still open.
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In particular, the timing and order of events leading from the
reproductive structure of the most recent common ancestor of
seed plants – likely a unisexual structure without perianth –
to the ancestral flower – likely a bisexual flower with an
undifferentiated perianth of petals – is still unknown (Sauquet
and Magallón, 2018). These events include transition from
unisexuality to bisexuality, compression of the reproductive axis,
evolution of a perianth and evolution of a closed carpel (Specht
and Bartlett, 2009; Sauquet and Magallón, 2018; Scutt, 2018).
Despite this uncertainty it seems reasonable to assume that the
perianth evolved last, after bisexuality, axis compression and
carpel evolution (Baum and Hileman, 2007). Later, the perianth
often differentiated into an outer whorl of sepals and an inner
whorl of petals (resulting in a so-called differentiated or bipartite
perianth), which is particularly representative of core eudicots
(Specht and Bartlett, 2009).

The origin of the perianth is still unresolved, but anatomical
and developmental observations can shed some light on it. Sepals
from most angiosperms have a leaf-like appearance suggesting
they have a direct bract or leaf origin. Petals likely arose
multiple times during evolution (Kramer and Irish, 2000) with
two possible origins: bracteopetals that evolved from bracts
and andropetals that evolved from stamens. Bracteopetals are
typically observed in basal angiosperms that show a continuous
differentiation between bracts and petaloid organs (Ronse De
Craene, 2007). In contrast andropetals appear restricted to
a few clades (Ranunculales and Caryophyllales for instance)
where petals have probably been lost and reinvented (Ronse De
Craene, 2007; Brockington et al., 2012; Ronse De Craene and
Brockington, 2013). However, for most angiosperm species, the
origin of petals remains unclear and a combination of anatomical
and genetic work are needed to discriminate between the two
possibilities.

Genetic work on model species have provided molecular
support for the key events accompanying flowering: formation of
the flower meristem, specification of floral organ identities (the
famous ABC model), floral organ outgrowth and maturation,
and fertilization (Glover, 2014). Based on this data, molecular
models for the evolution of floral structures such as the bisexual
axis have been proposed (Baum and Hileman, 2007; Frohlich and
Chase, 2007; Specht and Bartlett, 2009). A similar approach can
be followed to generate molecular hypotheses for the origin of the
perianth; more specifically to speculate how an identity domain
for the perianth could have emerged from an ancestral flower
containing only reproductive organs. Here we propose that
cadastral mechanisms maintaining reproductive identity to the
center of the flower could have supported perianth appearance
during evolution. Based on genetic work in model species, we
review some of the molecular players underlying these cadastral
mechanisms.

CREATING A DOMAIN FOR PERIANTH
IDENTITY

Assuming that the perianth was the last angiosperm
synapomorphy to appear, we have asked the following question

(Figure 1): how could a typical flower with 4 organ identities
have been generated from a bisexual perianth-less flower with 2
organ identities?

In Figure 1, we use a genetic framework based on the (A)BC
or FBC models proposed by Causier et al. or Baum and Hileman,
respectively, where (A) or F is a floral identity function acquired
at early stages of floral meristem development and necessary for
all floral organ identities (Baum and Hileman, 2007; Causier et al.,
2010). We chose not to use the classical ABC model because the
existence of the A function is much debated (Schwarz-Sommer
et al., 1990; Litt, 2007; Causier et al., 2010; Heijmans et al., 2012;
Morel et al., 2017). With the (A)BC framework, floral organ
identities from a typical angiosperm flower are specified by a
combination of (A) expression for sepals, (A) + B for petals,
(A) + B + C for stamens and (A) + C for carpels. Similarly,
we can assume that the perianth-less ancestral flower had floral
organ identities specified by (A) + B + C for stamens and
(A) + C for carpels. In support of this, the B- and C-class
functions are remarkably conserved across angiosperms, and
gymnosperm male and female cones also show B + C and C gene
expression, respectively (Sundström and Engström, 2002; Becker
and Theissen, 2003; Zhang et al., 2004; Moyroud et al., 2017).

Therefore, the difference in gene expression between the
perianth-less and bipartite perianth flower mainly resides in
the peripheral expression domains of the B and C genes. This
suggests that cadastral mechanisms that maintain (through
repression or activation) B- and C-class gene expression to their
dedicated area could have been key for perianth evolution. From
reviewing the literature, it appears that several repressors of
B- and C-class gene expression have been identified in extant
species. Indeed, specifically repressing B genes from the first
whorl and C genes from the first and second whorls is one
possible way to generate a domain sufficient for sepal and petal

FIGURE 1 | Model for the origin of a bipartite perianth from a perianth-less
(ancestral) flower. The ancestral flower is composed of bracts (gray organs),
stamens (St), and carpels (Ca). The flower with a bipartite perianth has bracts,
sepals (Se, green organs), petals (Pe, orange organs), stamens, and carpels.
The identity of all these organs is specified by an (A)BC model, and the
restriction of the B- and C- gene classes to the center of the flower is a key
process for perianth identity to be specified. One possibility for this is the
specific repression of B- and C-class genes (red arrows) to their respective
expression domains.
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identity to be specified. In the following paragraphs we will
review the repressors of B- and C-class genes and examine how
conserved their function is across angiosperms (Figure 2A). This
review is mostly based on functional studies in the model species
Arabidopsis thaliana (Arabidopsis), Petunia hybrida (Petunia),
Oryza sativa (Rice), and Antirrhinum majus (Antirrhinum).

REPRESSORS OF C-CLASS GENE
EXPRESSION

A-class genes from the classical ABC model were proposed,
already from the beginning, to have a dual function in specifying
organ identity in the first two whorls (sepals and petals, alone
or in combination with B-genes), and repressing the C function
from these same whorls (Coen and Meyerowitz, 1991). In
Arabidopsis, APETALA1 (AP1) and AP2 are generally classified
as A-class genes, although AP1 was added only later to this class
(Bowman et al., 1991; Coen and Meyerowitz, 1991; Gustafson-
Brown et al., 1994). Indeed, AP1 does repress C-class gene
expression from young flowers, by forming complexes with
the flower meristem identity regulators SHORT VEGETATIVE
PHASE (SVP) or AGAMOUS-LIKE24 (AGL24) and the general
floral repressors LEUNIG (LUG) and SEUSS (SEU) (Gregis
et al., 2006, 2009; Sridhar et al., 2006). But examination of
ap1 in combination with other mutations revealed that AP1
is not strictly necessary for petal and sepal identity, since
these organs can develop in some ap1 mutant backgrounds
(Yu et al., 2004; Causier et al., 2010). Moreover outside of
Brassicaceae, AP1 orthologues are generally not needed for

sepal and petal identity (Litt, 2007; Causier et al., 2010).
For instance in Antirrhinum, mutant in the AP1 ortholog
SQUAMOSA shows defects in floral meristem identity but not
necessarily in perianth identity (Huijser et al., 1992). In contrast
in Rice, mutations in the AP1/FRUITFUL (FUL) lineage members
OsMADS14 and OsMADS15 results in the extension of C-class
gene expression (and to a lesser extent, B-class gene expression)
in the outer whorls of the flower, therefore leading to palea-to-
carpel and lodicule-to-stamen homeotic conversions (Wu et al.,
2017).

In Arabidopsis the other A-class gene AP2 represses
AGAMOUS (AG, the C-class gene) expression in whorls 1 and
2, and the ap2 mutant shows the sepal-to-carpel and petal-to-
stamen homeotic conversions expected from an A-class mutant
(Drews et al., 1991) (see Figure 2B for a simplified phylogeny
of AP2-like genes). Both the AP2-type gene TARGET OF EAT
3 (TOE3) and the AP2-like gene AINTEGUMENTA (ANT)
also repress AG expression; however, homeotic changes in the
corresponding mutants are very subtle, if any (Krizek et al.,
2000; Jung et al., 2014). AP2 and TOE3 expression is regulated
at the translational level by the microRNA miR172 (Chen, 2004;
Wollmann et al., 2010). In Petunia, it was recently found that the
euAP2 clade member BLIND ENHANCER (BEN), although not
the ortholog of AP2, also represses C-class gene expression from
the first whorl (Morel et al., 2017); in maize mutations in the
AP2-like genes ids1 and sid1 result in ectopic expression of the
AG-like genes zag1 and zmm2 in bracts that become carpelloid
(Chuck et al., 2008); in other species antagonistic expression
patterns suggest a similar repressive role of AP2-like genes on
C-class gene expression (Yang et al., 2015). In contrast, the

FIGURE 2 | (A) Summary of some of the regulators involved in B- and C-class gene repression in Arabidopsis, Petunia, Rice, and Antirrhinum. The color code
indicates their membership to modules or gene families that were found to be recurrent between species. Dotted arrows for NF-YA indicate that their hypothetical
role in C-gene activation has not been demonstrated so far. (B) Simplified phylogeny of AP2-like proteins, showing the euAP2 lineage composed of the TOE-type
and AP2-type clades. Blue and orange stars indicate when the proteins were shown to repress C-class and B-class genes expression, respectively. Simplified from
(Morel et al., 2017). At, Arabidopsis thaliana; Ph, Petunia hybrida; Am, Antirrhinum majus.
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Antirrhinum AP2 orthologs LIPLESS1 (LIP1) and LIP2, and the
petunia AP2 orthologs REPRESSOR OF B-FUNCTION 1 (ROB1),
ROB2, and ROB3 play a role in sepal and petal development
but do not seem to antagonize C-class gene expression in the
perianth (Keck et al., 2003; Morel et al., 2017). Overall, this
shows that members of the euAP2 lineage are often involved
in C-class gene repression in the outer whorls of the flower,
but this role sometimes has been swapped between members
of the lineage, switching between AP2-type and TOE-type clade
members (Figure 2B). These two clades predate the monocot-
eudicot divergence (Kim et al., 2006), suggesting that the
repression of C-class genes by members of the euAP2 lineage
might be relatively ancient.

In Arabidopsis, other C-class repressors have been identified:
the SUPERMAN-like zinc finger protein RABBIT EARS (RBE)
represses AG in whorl 2 (Krizek et al., 2006), while the bZIP
transcription factor PERIANTHIA (PAN), together with SEU,
represses AG in whorl 1 (Das et al., 2009; Wynn et al., 2014).
However, mutations in these genes are not sufficient to cause
homeotic changes in floral organs, showing that a certain
threshold of AG ectopic expression is needed for homeotic
conversion. In contrast, completely different C-class repressor
genes have been identified in Petunia and Antirrhinum. Indeed
in both species a member of the miR169 family, BLIND (BL)
in Petunia and FISTULATA (FIS) in Antirrhinum, represses
C-class gene expression in the outer whorls, possibly by targeting
members of the NF-YA family for degradation (Cartolano et al.,
2007). Members of the miR169/NF-YA module from various
species have been involved in several developmental processes
such as flowering time, root architecture, embryogenesis, general
responses to stress or interaction with pathogens (Laloum et al.,
2013; Zhao et al., 2016; Zanetti et al., 2017) but apart from
Petunia and Antirrhinum, never in floral patterning. This specific
function of miR169/NF-YA might thus have evolved only in the
euasterids lineage, unless in rosids it is hidden by redundancy
between the multiple copies of miR169 and NF-YA genes.

Other C-class repressors with a broader spatial action
have been found, including BELLRINGER that represses AG
expression in the Arabidopsis stem, inflorescence meristem and
young flower meristem (Bao et al., 2004); CURLY LEAF that
represses AG expression in all vegetative tissues of Arabidopsis
and Brachypodium (Goodrich et al., 1997; Lomax et al., 2018);
STERILE APETALA that represses AG expression in the outer
floral whorls and in the inflorescence meristem of Arabidopsis
(Byzova et al., 1999); and FILAMENTOUS FLOWER that
represses AG expression in the outer floral whorls and in the
peduncle of Arabidopsis (Chen et al., 1999). Mutations in each of
these genes cause homeotic defects in Arabidopsis floral organs.
The fact that these repressors are not spatially specific to the
outer floral whorls does not exclude that they could have played
a role in perianth evolution by being coopted for repression of
AG in whorls 1 and whorls 2, while they already repressed AG
expression from other tissues (True and Carroll, 2002). However,
since their role has hardly been investigated in other species
than Arabidopsis so far, we do not know how conserved these
mechanisms are and if they could have been involved in perianth
evolution.

REPRESSORS OF B-CLASS GENE
EXPRESSION

In contrast to the many C-class genes repressor identified, fewer
genes have been shown to repress B-class gene expression from
the first whorl of the flower (Figure 2). In Arabidopsis, AP2
represses the B-class genes APETALA3 (AP3) and PISTILLATA
(PI) expression in whorl 1. While this is not evident from the
phenotype of single ap2 mutants, this becomes visible when
an ap2 mutant allele is present in an heterozygous state in the
topless (tpl) mutant background, resulting in a partial sepal-to-
petal conversion due to ectopic PI and AP3 expression in whorl
1 (Krogan et al., 2012). But by far, the clearest evidence of B-class
gene derepression in whorl 1 is found in Petunia in the quadruple
ben rob1 rob2 rob3 mutant, that shows an almost perfect
homeotic conversion of sepals into petals (Morel et al., 2017). As
such this flower is reminiscent of the undifferentiated perianth
found in many angiosperm species, such as tulip or magnolia, and
likely a characteristic trait of the ancestral flower (Sauquet et al.,
2017). As previously mentioned, BEN and ROBs are all members
of the euAP2 lineage (Figure 2B). The single ben mutant also
shows some petaloid sectors in sepals, indicating that BEN and
ROBs partially redundantly repress B-genes expression in whorl
1 (Morel et al., 2017). Therefore, repression of B-genes expression
by euAP2 genes appears conserved between Arabidopsis and
Petunia, suggesting that this regulation might have originated
prior to the rosids-asterids divergence.

APETALA1 has also been proposed to repress PI and AP3
expression in Arabidopsis, when part of the repressive complex
with AGL24, SVP, LUG, and SEU (Gregis et al., 2006, 2009), but
whether AP1 is directly involved in this regulation is unclear.
In Rice the osmads14 osmads15 double mutant shows some
derepression of B-class gene expression in whorl 1 but this ectopic
expression does not seem strong enough to alter organ identity
(Wu et al., 2017). Altogether, this suggests a somehow conserved
role of AP1/FUL genes in repressing B-class gene expression but
the evidence is scarcer than for AP2 genes.

CONSERVED AND UNIQUE
REPRESSORS OF B- AND C-CLASS
GENES

Our review highlights that members of the large AP2 family, and
in particular the euAP2 lineage, might have a conserved function
in repressing both B- and C-class gene expression from the outer
whorls of the flower, predating the rosids-asterids divergence.
Hence members from this family are possible candidates to have
played a role in perianth evolution. However, if euAP2 genes
were involved in both sepal and petal evolution, it would require
uncoupling of their repressive action on B- and C-class genes,
since B-class genes should be repressed in the first whorl only
while C-class genes should be repressed in the first two whorls.
In Arabidopsis, it is unknown how AP2 can have whorl-specific
repressive action on B- and C-class genes, but it possibly resides
in the interaction with different protein partners between whorls.
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In Petunia, euAP2 proteins repress B- and C-gene expression
in the first whorl only, while repression of C-class genes in
the second whorl is completed by BL, showing how the dual
repressive function has been distributed between two sets of
genes in this species. More functional studies in angiosperms, and
particularly in early diverging taxa, are now needed to evaluate
the possibility that euAP2 genes were involved in perianth
evolution.

Our review also shows that a large variety of repressors
of C- (and to a more minor extent, B-) class genes exist in
extant species. One might wonder in particular why so many
C-genes repressors are found. None of the identified repressors
are redundant with each other since single mutants in question
all show ectopic C expression. Hence instead of conferring
robust repression of C-class genes expression, these numerous
repressors might actually provide a multiplicity of ways for
evolution to relieve C-expression in the perianth. Since the
perianth is a highly evolvable structure, i.e., a flexible trait that
evolved multiple times during angiosperm evolution (Baum and
Whitlock, 1999; Kramer and Irish, 2000; Hileman and Irish, 2009;
Geuten et al., 2011), an hypothesis is that evolution could have
tinkered with these various repressors for the perianth to appear
or disappear in different taxa.

Petaloid features are not exclusively found on second whorl
petals but often have been transferred to sepals, bracts or even
stamens. Flower morphology is remarkably flexible and while
true petals may have been lost, petaloidy shifted to analogous
organs that acquired the petal traits needed for recognition by
pollinators. These petaloid features are sometimes correlated with
ectopic B-gene expression, like in many non-grass monocots for
instance (Kanno et al., 2007), but there are also many cases of
petaloid structures that have little or no B-genes expression, as
well as non-petaloid structures that do express B-class genes,
as reviewed in (Ronse De Craene and Brockington, 2013). We
can argue that not all B-class genes might have been identified
in species without a sequenced genome. Still, the evolution of

petaloidy appears to be more complex than mere shifts in B-class
gene expression, and the genes underlying these transfers of
function from one organ to another might still remain to be
identified.

CONCLUSION

In this review we proposed that repressing reproductive organ
identity to the center of the flower is a possible way for perianth
identity to have emerged in the periphery of the flower, and
we reviewed the B- and C-class genes repressors that have
been identified in model species. Whether these repressors were
actually evolved in perianth evolution some 150 million years
ago remains of course hypothetical, and functional experiments
in early-diverging gymnosperms and angiosperms are needed to
evaluate such hypotheses. By far the largest source of variation
in perianth morphology in angiosperms does not lie in flower
patterning, but in changes in shape, color, scent or size of the
petals, as beautifully illustrated in (Byng et al., 2018). The genetic
basis for these variations, some of quantitative nature like spur
length in Aquilegia (Yant et al., 2015), others of qualitative nature
like presence or absence of pigmentation in Petunia (Hoballah
et al., 2007), has only been identified on few occasions (Moyroud
and Glover, 2017). These genes are likely downstream targets of
B-class regulators, but how these master developmental genes
direct the establishment of all petaloid features in a simultaneous
manner, and which parts of this large network have been modified
during evolution to generate morphological diversity, remains a
mystery as big as perianth evolution itself.
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Gene Duplication and Transference
of Function in the paleoAP3 Lineage
of Floral Organ Identity Genes
Kelsey D. Galimba†, Jesús Martínez-Gómez and Verónica S. Di Stilio*

Department of Biology, University of Washington, Seattle, WA, United States

The floral organ identity gene APETALA3 (AP3) is a MADS-box transcription factor
involved in stamen and petal identity that belongs to the B-class of the ABC model
of flower development. Thalictrum (Ranunculaceae), an emerging model in the non-core
eudicots, has AP3 homologs derived from both ancient and recent gene duplications.
Prior work has shown that petals have been lost repeatedly and independently in
Ranunculaceae in correlation with the loss of a specific AP3 paralog, and Thalictrum
represents one of these instances. The main goal of this study was to conduct
a functional analysis of the three AP3 orthologs present in Thalictrum thalictroides,
representing the paleoAP3 gene lineage, to determine the degree of redundancy versus
divergence after gene duplication. Because Thalictrum lacks petals, and has lost the
petal-specific AP3, we also asked whether heterotopic expression of the remaining
AP3 genes contributes to the partial transference of petal function to the first whorl
found in insect-pollinated species. To address these questions, we undertook functional
characterization by virus-induced gene silencing (VIGS), protein–protein interaction and
binding site analyses. Our results illustrate partial redundancy among Thalictrum AP3s,
with deep conservation of B-class function in stamen identity and a novel role in
ectopic petaloidy of sepals. Certain aspects of petal function of the lost AP3 locus
have apparently been transferred to the other paralogs. A novel result is that the protein
products interact not only with each other, but also as homodimers. Evidence presented
here also suggests that expression of the different ThtAP3 paralogs is tightly integrated,
with an apparent disruption of B function homeostasis upon silencing of one of the
paralogs that codes for a truncated protein. To explain this result, we propose two
testable alternative scenarios: that the truncated protein is a dominant negative mutant
or that there is a compensational response as part of a back-up circuit. The evidence
for promiscuous protein–protein interactions via yeast two-hybrid combined with the
detection of AP3 specific binding motifs in all B-class gene promoters provide partial
support for these hypotheses.

Keywords: ABC model, MADS-box genes, B-class genes, ectopic petaloidy, flower development, non-core
eudicot, VIGS, Thalictrum thalictroides
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INTRODUCTION

Gene duplication has long been interpreted as a potential
source of raw genetic material acted upon by evolution (Ohno,
1970; Soukup, 1974; Force et al., 1999). Genes in the ABC
model of flower development have been an especially targeted,
undergoing multiple duplication events during the course of
angiosperm evolution (Theissen et al., 1996; Airoldi and Davies,
2012). Because changes to floral organ identity genes have a
profound effect on flower development, they present an ideal
system to study the outcome of gene duplication in relation to
morphological adaptation (Soltis and Soltis, 2014).

In the model angiosperm Arabidopsis thaliana, the B-class
consists of two members, APETALA3 (AP3) and PISTILLATA
(PI). Both are necessary in combination with the E-class genes
SEPALLATA1–4 (SEP1–4), for petal identity in the second
and stamen identity in the third whorl (Bowman et al.,
1989, 1991; Coen and Meyerowitz, 1991; Theißen and Saedler,
2001). When B-class function is lost, stamen primordia are
homeotically converted into carpels and petal primordia into
sepals (Krizek and Meyerowitz, 1996). B-class gene function is
highly conserved throughout angiosperms, occurring in core and
non-core eudicots as well as monocots (Kim et al., 2004; Zahn
et al., 2005; Litt and Kramer, 2010; Di Stilio, 2011). Nevertheless,
there are examples of B-class genes being expressed in other plant
organs, e.g., in root nodules of alfalfa (Heard and Dunn, 1995)
and in first whorl petaloid tepals of tulips (Kanno et al., 2003),
suggesting that they may have adopted novel roles in several
lineages.

After an ancient duplication leading to the AP3 and PI
lineages, in the stem group of the order Ranunculales, two
duplication events led to three paralogous lineages of AP3: AP3-I,
AP3-II, and AP3-III (Kramer et al., 2003; Figure 1A). Thalictrum
thalictroides (Ranunculaceae), a member of the Ranunculid
lineage that is sister to all other eudicots (Soltis et al., 2011; Maia
et al., 2014), has one PI (ThtPI) and three AP3 orthologs (ThtAP3-
1, ThtAP3-2a, and ThtAP3-2b) (Kramer et al., 2003; Di Stilio
et al., 2005). The paralog ThtAP3-1 belongs to the AP3-I clade,
while ThtAP3-2a and ThtAP3-2b belong to the AP3-II clade and
are products of a more recent duplication that likely occurred
in the common ancestor of Thalictrum and Aquilegia (Sharma
et al., 2011). ThtAP3-2a contains a premature stop, resulting
in a truncation affecting the conserved C-terminal motif of the
protein; 18 residues encompassing half of the “PI motif-derived”
and all the “paleoAP3” motif is missing (Figure 1B; Di Stilio
et al., 2005). No AP3-III paralog has been identified so far in
Thalictrum by PCR (Di Stilio et al., 2005; Zhang et al., 2013) or
by BLAST search of available transcriptomes (unpublished data).
Functional studies of the Aquilegia coerulea AP3-III ortholog
provide evidence for sub-functionalization of this gene to petal
identity (Sharma et al., 2011) and this function appears to
be conserved throughout the order, including Papaveraceae
(Arango-Ocampo et al., 2016); the lack of an AP3-III ortholog
in Thalictrum therefore correlates with the loss of petals in the
genus (Di Stilio et al., 2005; Zhang et al., 2013).

Petals may be interpreted as adaptive structures that attract
biotic pollinators and this function has been transferred,
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FIGURE 1 | Simplified B-class gene phylogeny illustrating the position of
Thalictrum thalictroides loci (in red) and the comparative structure of their
protein products. (A) Simplified phylogeny, modified from Jaramillo and
Kramer (2007) and Sharma et al. (2011). An ancient duplication in the
angiosperm stem group led to the AP3 and PI lineages (black star), the latter
with one representative from T. thalictroides (ThtPI). In the core eudicots, a
more recent duplication led to the euAP3 (containing the original APETALA3)
and TM6 lineages (white star). In the paleoAP3 lineage, two
Ranunculales-wide duplication events (red stars) led to the three paralogous
clades AP3-I (including ThtAP3-1), AP3-II (including the more recently
duplicated ThtAP3-2a and ThtAP3-2b), and AP3-III (no AP3-III genes have
been recovered from Thalictrum). (B) MIKC structure of the three ThtAP3
protein products. ThtAP3-2a is truncated by an early stop codon, resulting in
the loss of 18 amino acids, including the PaleoAP3 motif and a portion of the
PI motif (Di Stilio et al., 2005).

fully or in part, to other organ types multiple times during
angiosperm evolution (Cronk et al., 2002). In fact, in the
Ranunculaceae, where sepals are often petaloid, petals have been
lost independently multiple times with the role of attraction
adopted instead by showy sepals (Zhang et al., 2013). In
a number of distantly related species, including Aristolochia
and Tulipa, heterotopic expression of B-class genes has been
proposed as causative of petaloidy of first-whorl organs (van
Tunen et al., 1993; Kanno et al., 2003; Jaramillo and Kramer,
2004). In Aquilegia, AqAP3s are not involved in petal identity
or development of papillate epidermal cells, although they do
contribute to the production of anthocyanin in petaloid sepals
(Jaramillo and Kramer, 2007; Sharma et al., 2011; Sharma and
Kramer, 2017). Although T. thalictroides flowers lack petals
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from inception, its sepals have a number of features typically
associated with petals: they are non-photosynthetic (white or
pink), relatively large (surpassing stamens), they may contain
papillate cells in the upper epidermis (Di Stilio et al., 2009) and
they express all B-class genes (Di Stilio et al., 2005). Sepals of wind
pollinated species such as Thalictrum dioicum, on the other hand,
are smaller (shorter than stamens), green, lack papillate cells, and
do not express AP3 orthologs (Di Stilio et al., 2005; Soza et al.,
2012).

The goal of this study was to conduct a functional analysis
of the three AP3 orthologs in T. thalictroides, a ranunculid with
representatives of the paleoAP3 lineage of B-class genes. We
aimed to determine the degree of redundancy versus divergence
amongst these paralogs, while comparing their role to the more
widely characterized euAP3 lineage. Finally, we investigated
whether one or more of these loci are involved in ectopic
petaloidy, in the form of partial transference of petal function
to sepals, in the insect-pollinated species T. thalictroides. We
addressed these questions via targeted silencing of individual
genes, by determining the ability of each protein product to
dimerize and by identifying AP3 binding sites within promoter
regions of all four B-class genes.

MATERIALS AND METHODS

Gene Sequences
Partial coding sequences for ThtAP3-1, ThtAP3-2a, and ThtAP3-
2b were obtained from GenBank (AY162886, AY162887, and
AY162888; Kramer et al., 2003). Full coding sequences were
obtained from a 1KP T. thalictroides transcriptome1. Full
genomic sequences and promoter regions were obtained from a
T. thalictroides reference genome (unpublished) and deposited in
GenBank (MG889397, MG889396, and MG889395).

Plant Materials
Thalictrum thalictroides bare root plants were purchased from
nurseries and grown in the University of Washington (UW)
Greenhouse under ambient conditions from mid-February
through mid-May. A voucher specimen is deposited at the UW
Herbarium (V. Di Stilio 123, WTU 376542).

Virus-Induced Gene Silencing
Regions for targeted gene silencing of Thalictrum AP3 genes
were selected to exclude areas with more than 13 continuous
homologous base pairs among the three paralogs (gene
duplicates). Fragments were amplified by PCR from a
representative clone using primers with added BamHI and
KpnI restriction sites (Supplementary Table S1), ligated to
linearized tobacco rattle virus vector (TRV2; Liu et al., 2002)
and transformed into Agrobacterium tumefaciens strain GV3101.
The TRV2-ThtAP3-1 construct was prepared using a 429 bp
fragment comprising the C-terminal region (282 bp) and 3′UTR
(147 bp) of ThtAP3-1. The TRV2-ThtAP3-2a construct consisted
of a 427 bp fragment comprising the C-terminal region (227 bp)

1https://sites.google.com/a/ualberta.ca/onekp

and 3′UTR (200 bp) of ThtAP3-2a. The TRV2-ThtAP3-2b
construct consisted of a 408 bp fragment comprising the
C-terminal region (253 bp) and 3′UTR (155 bp) of ThtAP3-2b.
Additional experiments targeting shorter regions (216–342 bp)
were attempted first, but they did not trigger sufficient down-
regulation. Experiments using double and triple constructs were
also attempted unsuccessfully.

Twenty T. thalictroides tubers that had been kept in soil in
the dark at 4◦C for 8 weeks, were treated with each construct as
described previously (Di Stilio et al., 2010; Galimba et al., 2012).
Briefly, a small incision was cut in the tubers near the bud using
a clean razor blade, they were then submerged in infiltration
medium containing appropriate Agrobacterium cultures (TRV1
and one of the TRV2 constructs), and infiltrated in a chamber
under full vacuum (−100 kPa) for 10 min. Nine TRV2-ThtAP3-
1, five TRV2-ThtAP3-2a, and 12 TRV2-ThtAP3-2b treated plants
survived to flowering. Twenty plants were infiltrated with empty
TRV2 vector (mock-treated control, to detect background viral
effects). All plants were transferred to the greenhouse following
infiltration and were grown together with 20 untreated plants
under equal conditions. Leaves and flowers arose approximately 2
weeks later. Flowers from all treatments and controls (untreated
and treated with empty vector) were observed, as they opened,
under a Nikon SMZ800 dissecting scope, photographed using
a Q-Imaging MicroPublisher 3.3 digital camera or a Canon
PowerShot SD890 IS digital camera, and flash-frozen for RNA
processing.

Molecular Validation of VIGS Lines
After recording their phenotype and photographing, young
open flowers that had been flash frozen (as described above)
were processed to determine the presence of TRV1 and TRV2
constructs, and the expression levels of B-class genes, including
the three Thalictrum AP3 genes and the single copy gene
ThtPI. Total RNA was extracted using TRIzol (Invitrogen,
Life Technologies, CA, United States), following manufacturer
instructions and DNased using amplification grade DNase
(Invitrogen, Life Technologies, CA, United States). First strand
cDNA synthesis was carried out on 1 µg of total mRNA using
iScript (Bio-Rad, CA, United States), following manufacturer
instructions, and diluted 2.5-fold for use in quantitative reverse
transcriptase (RT) PCR (qPCR). PCR was carried out with GoTaq
(Promega, WI, United States) on 1 µl of cDNA using TRV1-
and TRV2-specific primers (Supplementary Table S1) for 30
cycles at 51◦C annealing temperature. Locus-specific primers,
designed to amplify regions distinct from those used in the
virus-induced gene silencing (VIGS) constructs, were used to
test expression levels of ThtAP3-1, ThtAP3-2a, ThtAP3-2b, and
ThtPI by qPCR (Supplementary Table S1). Primers were validated
prior to use, using a cDNA dilution series to verify consistent
efficiencies and a dissociation curve analysis to confirm single
product amplification, as previously published (Galimba et al.,
2012). Each qPCR reaction contained 15 µl iQ SYBR Green
Supermix (Bio-Rad, CA, United States), 12.2 µl H2O, 0.9 µl each
of forward and reverse primer and 1 µl of cDNA. Samples were
amplified on an MJ Research Chromo4 Detector for 45 cycles,
in triplicate, including a no-template control. Cycling conditions
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were: 94◦C for 10 min and 45 cycles of 94◦C for 30 s, 53◦C for 30 s,
and 72◦C for 30 s. Relative expression was calculated using the
2−11Ct method (Livak and Schmittgen, 2001), and normalized
against the averaged expression of two housekeeping genes,
ThtACTIN and ThtEF1α (Elongation Factor 1α). Since B-class
gene expression levels between untreated (n = 6) and empty
TRV2-treated flowers (n = 3) were not significantly different in
a Student’s two-tailed t-test with unequal variance (p > 0.05),
both controls were combined for further analyses. The statistical
significance of differences in gene expression between controls
and treatments was calculated using Student’s two-tailed t-test
with unequal variance: controls (n = 9), TRV2-ThtAP3-1 (n = 15),
TRV2-ThtAP3-2a (n = 10), and TRV2-ThtAP3-2b (n = 4), and
p-values were evaluated using Holm–Bonferroni corrections to
avoid Type I error.

Yeast Two-Hybrid Assays
To prepare constructs for yeast two-hybrid analysis, complete
coding sequences for ThtAP3-1, ThtAP3-2a, and ThtAP3-2b
were cloned into pGADT7 and pGBKT7 vectors using the
In-Fusion HD Cloning Kit (Clontech, CA, United States)
and custom primers (Supplementary Table S1). The pGADT7
and pGBKT7 constructs for the E-class interacting partner
ThtSEP31C were available from a previous study (Galimba
et al., 2012). ThtSEP31C is a C-terminal-truncated version of
ThtSEP3 lacking the last 195 bp of coding sequence to avoid
auto-activation (Causier and Davies, 2002; Galimba et al., 2012);
C-terminal truncation is supported by a number of studies
showing that the K domain is more critical for MADS-box
protein interactions (Davies et al., 1996; Pelaz et al., 2001; Immink
et al., 2009) and is involved both in dimer and tetramer formation
(Puranik et al., 2014).

Yeast two-hybrid assays were carried out using Matchmaker
Gold Yeast Two-Hybrid System (Clontech, CA, United States).
Cells were co-transformed and plated on Leu/Trp-free media to
select for diploid colonies. Single colonies were serially diluted
10-fold to 1:10,000 in water and 5 µl of each dilution were
plated on Leu/Trp/His-free media and Leu/Trp/His-free media
supplemented with Aureobasidin A (AbA) to test for protein
interaction, and on Leu/Trp-free media to control for yeast
growth. Interactions were scored and photographed using a
Canon PowerShot SD890 IS digital camera after 4 days of
incubation at 28◦C.

Identification of Promoters and
APETALA3 Binding Motif Analysis
In A. thaliana, the region extending 496 bp upstream of
the AP3 start codon contains three CArG boxes and drives
GUS expression in the same temporal and spatial patterns as
the AP3 transcript in wild-type flowers (Tilly et al., 1998).
Using this information as guideline, and to identify promoters
in Thalictrum AP3, a 1 kb fragment upstream of the start
codon of each gene was obtained from a T. thalictroides
draft genome (unpublished). The Arabidopsis AP3 frequency
matrix was downloaded from JASPAR2 (Mathelier et al.,

2http://jaspar.genereg.net

2014; Figure 5A). This matrix, derived from ChIP-seq data
(Wuest et al., 2012), consists of nucleotide frequencies at 15
positions: a 10-nucleotide CArG box surrounded by two 5′ and
three 3′ nucleotides. The use of frequency matrices provides
position-specific penalties for deviations from the consensus as
opposed to simpler models, like consensus sequences, which
treat all mismatches equally (Stormo, 2013). We converted
the matrix to a position-specific scoring matrix (PSSM) using
the RSAT-convert-matrix tool available at Regulatory Sequence
Analysis Tools3 (Medina-Rivera et al., 2015). The A. thaliana
background model estimation method was utilized with default
settings. The PSSM was used in MORPHEUS4 (Minguet
et al., 2015) to search sections of sequence upstream of
the START codon of TthAP3-1, ThtAP3-2a, ThtAP3-2b, and
ThtPI for AP3 binding sites. MORPHEUS provides a score
for each binding site that is based on the relative affinity
of the binding site to the provided matrix, the threshold
was set to 5 based on the score distribution histogram
(Supplementary Figure S2) to limit the results to the best
matching sites.

To visualize the degree of conservation of the T. thalictroides
putative AP3 binding motifs (found by the method described
above), we generated two alignments of the first 500 bp upstream
of the start codon of paleoAP3-1 and paleoAP3-2 orthologs
of other available Ranunculaceae. Sequences were retrieved
from GenBank and Phytozome (Supplementary Table S2 and
Supplementary Figure S3), aligned using MUSCLE (Edgar, 2004)
and CLC Main Workbench 7 (Qiagen), and homologous regions
to the T. thalictroides AP3 binding sites were identified.

Analysis of Protein Structure
In order to identify the alpha helices known to be critical for
MADS box gene functionality (Puranik et al., 2014), and to test
whether any of these were lacking in the paralog coding for a
truncated AP3 (ThtAP3-2a), we analyzed the protein structure
of the region comprising the end of the I domain through the
C domain of the three Thalictrum AP3 proteins using Protein
Homology/analogY Recognition Engine v 2.0 (Phyre2; Kelley
et al., 2015).

RESULTS

Targeted Gene Silencing of Three
T. thalictroides AP3 Orthologs
To investigate the function of three B-class gene orthologs of the
ranunculid T. thalictroides, we conducted targeted VIGS using
single gene constructs, analyzed gene expression of treated plants
in relation to untreated and empty vector controls, and compared
the resulting floral phenotypes.

Flowers treated with empty TRV2 vectors and verified
for the presence of TRV1/2 transcripts (Supplementary
Figure S1) were combined with untreated wild-type flowers,
and used as a control treatment for molecular validation (n = 9

3http://www.rsat.eu
4http://biodev.cea.fr/morpheus/
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flowers from four plants; Figure 2). Wild-type T. thalictroides
flowers are apetalous, with 5–12 white or pink petaloid
sepals enclosing 45–76 filamentous stamens and 3–11 free
carpels with prominent papillae at the stigma (Di Stilio
et al., 2009; Galimba et al., 2012; Figure 3A). Wild-type
leaves are compound with lobed leaflets (Figure 3B). Empty
TRV2-treated flowers showed comparable morphology to
wild-type (Figure 3C). Small sections of brown necrotic
tissue were present on 19% of treated flowers, similar
to previously reported background viral effect (Di Stilio
et al., 2010), and these were therefore not counted as
phenotype.

Flowers treated with TRV2-ThtAP3-1 and verified for the
presence of TRV1/2 transcripts (n = 15 flowers from four
plants; Supplementary Figure S1) exhibited a significant down-
regulation of ThtAP3-1 transcripts, with an average 5.3-fold
decrease in gene expression levels with respect to controls
(p < 0.001, Figure 2A). Down-regulation of ThtAP3-1 at the
individual level ranged from a 1.5- to 32-fold decrease in gene
expression (Figure 2A). Average expression levels of the other
three B-class genes were statistically like controls (Figures 2B–D
and Supplementary Table S3). All flowers (n = 24) from validated
plants were phenotyped (Figure 3S). Abnormal phenotypes
included narrow sepals in 38% of flowers (Figure 3D), smaller
and possibly extra inner sepals, against the outer stamens in 38%
of flowers (Figure 3E, sepal number is variable in Thalictrum,
but positioning and size of these is distinct) and chimeric organs
(sepal/stamen or sepal/carpel) in the sepal/stamen boundary
in 13% of flowers (Figures 3E–H). These chimeric organs
included sepaloid organs with anther sacs (Figures 3E,F) or
sepaloid organs with stigma-like tissue on the distal end
(Figures 3G,H). We also observed stunted stamens with small
anthers in 42% of flowers and/or short filaments in 54% of flowers
(Figures 3D,G,I). Stunted stamens were not present in our
empty TRV2-treated flowers, although we have observed them
previously at low frequencies in viral controls (Soza et al., 2016).
TRV2-ThtAP3-1 treated plants also possessed small sepals on 50%
of flowers and/or curved sepals on 63% of flowers (Figures 3G,I).
We also observed patches of green tissue on sepals of 13% of
flowers (Figure 3I) and smooth stigmas, due to the absence of
stigmatic papillae, on 29% of flowers (Figures 3I,J). In summary,
in addition to the expected role in stamen identity, down-
regulation of ThtAP3-1 altered sepal size (and possibly number),
shape and color, changed organ identity at the sepal/stamen
boundary and resulted in loss of stigmatic papillae.

Treatment with TRV2-ThtAP3-2a failed to down-regulate
ThtAP3-2a in flowers verified for the presence of TRV1 and TRV2
transcripts (n = 10 flowers from three plants; Supplementary
Figure S1). On the contrary, it resulted in up-regulation of
all ThtAP3s and ThtPI (Figures 2A–D). These flowers showed,
on average, a 2.9-fold increase in ThtAP3-2a expression, which
was significantly higher than controls (p < 0.001; Figure 2B).
Up-regulation of ThtAP3-2a at the individual level ranged from
a 1.2- to 4.7-fold increase in gene expression (Figure 2B). They
also had, on average, significantly higher gene expression levels
than controls for ThtAP3-1 (2.1-fold, p = 0.005; Figure 2A
and Supplementary Table S3) and ThtPI (1.8-fold, p = 0.013;

Figure 2D and Supplementary Table S3). ThtAP3-2b expression
levels were 1.8-fold higher in TRV2-ThtAP3-2a treated flowers;
this increase was not significant when applying Holm–Bonferroni
corrections (p = 0.026; Figure 2C and Supplementary Table S3).
Flower (n = 15) phenotypes from validated plants consisted of a
subset of those observed in ThtAP3-1 treated plants (Figure 3S).
Sepal/stamen chimeric organs in place of outer stamens were
present on 7% of flowers (Figure 3K), and small extra inner
sepals were present on 20% (Figure 3L). Lobed sepals were
present on 33% of treated flowers (Figure 3M) and were not
present in any of the untreated plants. We observed curved sepals
on 33% of flowers and stunted stamens with short filaments
and/or small anthers on 13% of flowers. We did not observe
narrow, small, or green outer sepals in this treatment. Small,
underdeveloped carpels with smooth stigmas, including one
with an exposed ovule (Figure 3N), were present in 13% of
flowers. In summary, we were unable to detect down-regulation
of ThtAP3-2a after treatment with TRV2-ThtAP3-2a, and instead
detected unexpected up-regulation of all B-class genes (albeit not
statistically significant for ThtAP3-2b), which was associated with
phenotypes affecting stamen/sepal boundary, sepal morphology,
and carpel development.

Flowers treated with TRV2-ThtAP3-2b and verified for the
presence of viral transcripts (n = 4 flowers from three plants;
Supplementary Figure S1) showed, on average, a strongly
significant down-regulation of ThtAP3-2b compared to controls
(2.8-fold decreased expression, p = 0.001; Figure 2C). ThtAP3-
2b was down-regulated a 4.1- to 7.4-fold at the individual level
(Figure 2C). All other B-class gene expression levels were like
controls (Figures 2A,B,D and Supplementary Table S3). Flowers
(n = 27) from validated plants (Figure 3S) showed lobed sepals on
26% of flowers, with green sectors on 7% of flowers (Figure 3O).
Small sepals were also present on 48% of flowers and curved
sepals were present on 30%. We also observed stamens replaced
with chimeric organs (sepaloid with carpeloid or stamenoid
features) on 15% (Figures 3P,Q) and small extra inner sepals
on 15% of flowers (Figure 3P). Plants also displayed narrow
sepals on 19% of flowers (Figure 3R) and stunted stamens,
with short filaments on 30% of flowers and/or small anthers
on 11% (Figure 3R). Smooth stigmas with reduced papillae
were present on 4% of flowers. In summary, down-regulation of
ThtAP3-2b altered sepal size, shape and color, stamen identity,
sepal/stamen boundary, and stigmatic papillae development in
a similar manner as the down-regulation of ThtAP3-1, with the
addition of sepal lobing.

Taken together, phenotypes resulting from VIGS treatments
(and not observed in control flowers) affected either sepal,
stamen, or carpel morphology. Abnormal sepal morphology
occurred in flowers across treatments: down-regulation of
ThtAP3-1 and ThtAP3-2b resulted in reduction in overall
size and width (small and narrow), shape (curved instead
of flat) and color (green), with ThtAP3-2b VIGS flowers
also exhibiting sepal lobing. Similar lobing and curving of
sepals, was observed in TRV2-ThtAP3-2a treated flowers, which
exhibited higher expression of all B-class genes, although
none of the additional sepal defects were present (narrower,
smaller, or green). The second major category of phenotypes
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FIGURE 2 | Molecular validation of targeted gene silencing of Thalictrum thalictroides AP3 orthologs. (A–D) Left panels: Quantitative RT-PCR (qPCR) showing
average relative expression levels of ThtAP3-1 (A), ThtAP3-2a (B), ThtAP3-2b (C), and ThtP1 (D) in each of three treatments, TRV2-ThtAP3-1, TRV2-ThtAP3-2a, and
TRV2-ThtAP3-2b by virus-induced gene silencing. Control (n = 9: untreated, n = 6 plus TRV2-empty, n = 3); ThtAP3-1 VIGS (n = 15); ThtAP3-2a VIGS (n = 10); and
ThtAP3-2b VIGS (n = 4). Gene expression levels of the control were set to 1. Expression was normalized against ThtACTIN and ThtEEF1. Mean and SE of biological
replicates are shown; different letters indicate a significant difference in Student’s two-tailed t-test with unequal variance and Holm–Bonferroni corrections (p ≤ 0.05).
(A–C) Right panels: Molecular validation of targeted gene silencing in individual flowers (labels represent plant number, followed by flower number) relative to control
(set to 1). Treatment average (dotted bar) of individual flowers (biological replicates). SE shown for control and treatment average values. Black bars indicate flowers
shown in Figure 3. Asterisks cross-reference same treatment averages compared between treatments (left), or amongst individual samples within a treatment (right).
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stigmas, three indicated with arrows. (K–N) Representative flowers treated with TRV2-ThtAP3-2a. (K) Flower with chimeric sepal/stamen organ in place of outer
stamen (arrow). (L) Flower with extra inner sepal (arrow). (M) Flower with lobed sepal (arrow). (N) Flower with unfused carpel and exposed ovule (arrow).
(O–R) Representative flowers treated with TRV2-ThtAP3-2b. (O) Flower with lobed sepal with green sectors (arrow). (P) Flower with chimeric organ (boxed) and
extra inner sepals (arrows). (Q) Detail of sepal/stamen chimera in panel (O). (R) Flower with narrow sepals and stunted stamens exhibiting small anthers and short
filaments (arrows). (S) Percentage of flowers exhibiting each phenotype (from plants verified for TRV1/2 transcripts): TRV2-ThtAP3-1 (n = 24); TRV2-ThtAP3-2a
(n = 15); and TRV2-ThtAP3-2b (n = 27). Sample labels represent plant number, followed by flower number (see Figure 2 for individual expression levels of target
genes). Scale bar = 1 mm.
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FIGURE 4 | Protein–protein interactions among B-class gene products of the ranunculid Thalictrum thalictroides. Interactions between the three ThtAP3 proteins,
ThtPI and ThtSEP3 of T. thalictroides were determined with the yeast two-hybrid system. The C-terminus of ThtSEP3 was truncated to avoid autoactivation
(ThtSEP31C). (A) Colony growth on selective Leu/Trp/His-free + AbA medium. Yeast cells were spotted in four 10-fold serial dilutions (from left to right) for each
interaction tested. All proteins were expressed as fusion with the GAL4 activation domain (AD) and the GAL4 DNA binding domain (BD). pGBKT7 and pGADT7 are
empty vector controls. (B) Interpretation of the strength of the protein–protein interactions shown in panel (A). –, no interaction; +, interaction; ++, strong interaction.

affected stamen morphology across the three treatments:
stamens looked stunted, had small anthers, their filaments
failed to properly elongate, and outer stamens were sometimes
replaced by chimeric organs or small sepals. Lastly, down-
regulation of ThtAP3-1 and ThtAP3-2b affected late carpel
development, leading to the absence of stigmatic papillae, while
the high expression of B-class genes in TRV2-ThtAP3-2a treated
flowers caused carpel stunting and failure to fuse around the
ovule.

Yeast Two-Hybrid Analyses:
Promiscuous Interactions Among
Thalictrum B-Class Proteins
To test the interactions among the four B-class proteins
present in T. thalictroides, we performed yeast two-hybrid
analyses, including the predicted E-class partner protein ThtSEP3
(Figure 4). We used a ThtSEP31C construct with a truncated
C-terminus to avoid previously documented auto-activation
(Galimba et al., 2012). Control transformations with empty

vectors (pGBKT7 and pGADT7) produced minimal to no
growth, ruling out auto-activation for the other proteins.

As expected, all three ThtAP3 proteins could dimerize
with their B-class partner ThtPI, and this interaction was
observed in both directions. A more unexpected result was
that all three ThtAP3 proteins could heterodimerize with each
other: ThtAP3-1 interacted with ThtAP3-2a and ThtAP3-2b,
and ThtAP3-2a interacted with ThtAP3-2b. These interactions
varied in strength, and ThtAP3-1 and ThtAP3-2a had a
positive interaction in one direction and a negative one in
the other. ThtAP3-1 interacted weakly with the empty vector
in one direction, and this may decrease support for the
weak interaction detected between ThtAP3-1 and ThtAP3-2b.
Using the yeast culture dilutions (Figure 4A) to interpret the
strength of the protein–protein interactions (Figure 4B), we
observed that ThtAP3-1 could homodimerize strongly, while
ThtAP3-2a and ThtAP3-2b homodimerized weakly and ThtPI
did not form homodimers. All four B-class proteins (ThtAP3-
1, ThtAP3-2a, ThtAP3-2b, and ThtPI) could interact with the
E-class partner ThtSEP3. Taken together, all three ThtAP3
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proteins heterodimerize with ThtPI and ThtSEP3, as expected,
and additionally homodimerize and heterodimerize with each
other.

Identification of Putative AP3 Binding
Motifs in T. thalictroides B-Class Gene
Promoters
To find additional evidence for auto- and/or cross-regulation
of B-class genes by ThtAP3 proteins, we searched for AP3
binding sites in Thalictrum B-class gene promoter regions using a
frequency matrix (Figure 5A) derived from experimental binding
assays that includes AP3-specific binding frequencies to the
CArG box plus five additional nucleotides (Sharma et al., 2011;
Sharma and Kramer, 2013), as implemented in MORPHEUS
(Minguet et al., 2015). All binding site sequences identified
above the threshold (>5, Supplementary Figure S2) are listed
in Supplementary Table S4. Three putative AP3 binding sites
were identified for ThtAP3-1, located at positions (upstream from
start codon) −262, −139, and −121 (Figure 5B). ThtAP3-2a
had only one binding site (position −9; Figure 5C), ThtAP3-2b
had three (positions −293, −151, and −78; Figure 5D), and
ThtPI had one (position −340; Figure 5E). Binding sites at
position −121 in the ThtAP3-1 promoter, −91 in the ThtAP3-
2a promoter, and −78 in the ThtAP3-2b promoter appear
to be homologous based on our alignments with additional
ranunculids (Supplementary Figure S3), and are the most
conserved. They are 86.7% identical between ThtAP3-1 and
ThtAP3-2b, 66.7% between ThtAP3-1 and ThtAP3-2a, and 80%
between ThtAP3-2a and ThtAP3-2b (purple boxes in Figure 5F).
The other binding sites are locus-specific (Figure 5F). The
alignment to orthologs from other Ranunculaceae also shows
the conservation of these binding sites within the family, and
the sequence divergence between ThAP3-2a and RanAP32-
b (Supplementary Figure S3). The AP3-2 alignment reveals
that two of ThtAP3-2b motifs have corresponding homologous
sequence in ThtAP3-2a (Supplementary Figure S3B), yet they
have diverged enough that their MORPHEUS scores (−1 and
−3.1) were below the set threshold (Figure 5F, shown in lighter
shading), suggesting that they are no longer functional.

Protein structural analysis on amino-acid translations of the
coding sequences of all three AP3 loci identified the two alpha
helices spanning the I and K domains (Supplementary Figure
S4). These helices have been shown to be critical for SEP3
multimerization, and possibly for MADS box protein interactions
more generally (Puranik et al., 2014). Despite its C-terminus
truncation, ThtAP3-2a appears to possess the required helices
for dimer and tetramer formation. The first helix, involved in
dimer formation, has six amino acid disparities between the
two paralogs; the second helix, involved in tetramer formation
(Puranik et al., 2014), has 12 amino acid disparities. Of these,
five involve hydrophobic residues in one paralog or the other,
and a broader alignment across multiple ranunculid taxa revealed
that three of these are specific to AP3-2a protein orthologs
(Supplementary Figure S4). Further functional testing, combined
with protein crystallography, would be necessary to ascertain
potential effects of divergent residues in mediating dimerization

or tetramerization between ThtAP3-2a and other MADS-box
proteins.

DISCUSSION

This study investigated the function of three AP3 orthologs
representing ancient as well as recent gene duplications in
T. thalictroides, a representative of the sister lineage to core
eudicots. We enquired whether these gene paralogs have
remained redundant or diverged in function, and whether they
contribute to ectopic petaloidy of sepals. Down-regulation of
two of the paralogs (ThtAP3-1 and ThtAP3-2b) correlated with
sepal, stamen, and stigma developmental defects. In addition to
the expected interaction with the E-class protein ThtSEP3 and
the other member of the B-class lineage ThtPI, all ThtAP3s had
the ability to form homodimers and to interact with each other,
providing a potential mechanism for novel function. Putative
binding motifs were identified in all B-class gene promoters,
supporting the potential for cross-regulatory interactions. Based
on the evidence presented here, we conclude that, in addition
to a conserved role in stamen identity, ThtAP3-1 and ThtAP3-
2b contribute to ectopic petaloidy of sepals in this species, as
evidenced by their effect on sepal color, shape, and size. They
also appear to regulate the genetic pathway leading to stigmatic
papillae in carpels. Finally, we propose two working hypotheses to
explain the unexpected up-regulation of all B-class genes in plants
targeted for silencing of ThtAP3-2a, which codes for a truncated
protein.

Prior characterization of Thalictrum AP3 expression found
high expression of all three loci in sepals and stamens of
T. thalictroides, yet little to no expression in the reduced green
sepals of T. dioicum ((Di Stilio et al., 2005; LaRue et al.,
2013). Together with the phenotypes emerging from our VIGS
experiments, these data suggest a combined function of ThtAP3
genes in stamen identity and in the partial transference of
petaloid features to perianth organs, otherwise described as
sepals based on morphology and evolutionary context (e.g.,
they have multiple vascular strands, they completely enclose
the floral bud throughout development, and petaloid sepals are
present throughout the Ranunculaceae). Even though there is
no prior expression data for stigmas, our VIGS data suggest
that ThAP3 influence the development of stigmatic papillae.
The conical/papillate-cell identity gene MIXTA is under the
control of B-class genes in Antirrhinum and Phalaenopsis
(Perez-Rodriguez et al., 2005; Manchado-Rojo et al., 2012;
Pan et al., 2014) and is expressed in stigmatic papillae of
Thalictrum (Di Stilio et al., 2009). The loss of stigmatic
papillae in carpels of flowers experiencing down-regulation of
ThtAP3-1 and ThtAP3-2b in our VIGS experiments suggests
that B-class regulation of MIXTA possibly also occurs in
Thalictrum.

Petaloid appearance can have different genetic underpinnings,
with certain species relying on B-class gene expression for ectopic
petaloidy (e.g., tulips; van Tunen et al., 1993; Kanno et al.,
2003), while others exhibit petaloid morphology independent of
B-class gene expression (e.g., Aristolochia; Pabón-Mora et al.,
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FIGURE 5 | Location of APETALA3-like binding sites on Thalictrum thalictroides B-class gene promoters. (A) Sequence logo for Arabidopsis AP3 binding frequency
matrix (jaspar.genereg.net), with letter sizes relative to nucleotide frequency. (B–E) Positions identified by MORPHEUS as AP3 binding sites, in 1 kb sections of
sequence directly upstream of each gene. The height of each vertical bar indicates the MORPHEUS score of that binding site, with the cutoff score set at 5.
(F) Schematics of promoter regions for each gene, with binding site positions indicated by bars. A putative homologous binding site shared by all three ThtAP3
promoters is shown in the same color (purple), and two putative homologous regions in ThtAP3-2a are shown in lighter shades (see also Supplementary Figure S3).

2015). E-class genes are also known to contribute to petaloid
features of sepals in Thalictrum (Soza et al., 2016). Given
the presence of petaloid sepals throughout Ranunculaceae, it
is unlikely that they arose de novo in Thalictrum. However,
Thalictrum AP3s have a distinct role in petaloid morphology

of sepals when compared to other ranunculids where it has
been characterized: Aquilegia (Sharma and Kramer, 2013) and
Nigella (Wang et al., 2015) in the Ranunculaceae and Papaver
(Drea et al., 2007) in the Papaveraceae. For example, in
Aquilegia, loss of AqPI function results in loss of anthocyanin
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production in sepals, but does not alter other aspects of
sepal morphology (Sharma and Kramer, 2017). Green streaks
on sepals in our VIGS experiments are comparable to those
found in sepals of Nigella damascena loss-of-B-function mutants,
which also lost anthocyanin pigmentation. In spite of this,
B genes were not interpreted as playing a role in sepal
petaloidy in that system (Wang et al., 2015). In Thalictrum,
we interpreted a change toward a more leaf-like appearance
of perianth organs, such as change in shape, reduction in size
and the gain of photosynthetic pigment, as loss of “petaloid”
features. The fact that AP3 and PI negatively regulate genes
involved in chlorophyll accumulations resulting in the white
A. thaliana petals (Mara et al., 2010), is consistent with our
observations of sepal greening during down-regulation of B-class
genes in Thalictrum, and points to similar mechanisms for
this petaloid feature in petals and sepals. Based on evidence
presented here, we propose that the common ancestor of
Thalictrum evolved novel interactions among B-class proteins
following its lineage-specific ThtAP3-2a/b gene duplication. This,
in turn, enabled new regulatory interactions that contributed
to sepal petaloidy in conjunction with the E-class partners
(Soza et al., 2016). Consistent with this hypothesis, the wind-
pollinated species T. dioicum has small, green sepals that do not
express the AP3-2 loci early in development (Di Stilio et al.,
2005).

Given that orthologs of the A-class gene APETALA1 do
not exist in the order Ranunculales (Litt and Irish, 2003), it
is likely that the genetic factors involved in Thalictrum sepal
identity differ from those in the evolutionarily derived core
eudicots. For example, the presence of chimeric outer stamens
with combined carpel and sepal features in TRV2-ThtAP3-
1 and TRV2-ThtAP3-2b treated flowers could be considered
inconsistent with the mutually antagonistic nature of the A-
(sepal identity) and C- (carpel identity) classes (Bowman et al.,
1991), as defined in the original ABC model. Alternatively, the
presence of ectopic carpeloid features may suggest that, like in
Arabidopsis, T. thalictroides B-class genes act as suppressors of
carpel development genes outside of the carpel zone (Wuest
et al., 2012). In Nigella, AP3 homologs function in keeping
the stamen–petal boundary (Gonçalves et al., 2013; Wang
et al., 2015). The presence of sepal/stamen intermediates in
the boundary region between these two organs in Thalictrum
knockdowns suggests that, in the absence of petals and of the
AP3-3 petal identity gene, the other AP3 paralogs perform a
boundary-keeping role between the stamen and perianth zones
(sepals, in this case). This observation is consistent with a
role of B-class genes in regulating the expression zone of the
C-class gene AG in other ranunculids (Lange et al., 2013;
Sharma and Kramer, 2017). No carpel–sepal chimeras were
observed in plants targeted for ThtAP3-2a silencing, which were
actually over-expressing B-class genes. TRV2-ThtAP3-2a treated
flowers also never exhibited signs of loss of petaloidy, such
as smaller, narrower, or green sepals, and they were the only
treatment to cause stunted and unfused carpels, a potential sign
of B function disrupting normal carpel identity in the inner
floral zone. Presence of other phenotypes, such as stamen–
sepal chimeras and lobed sepals, may be explained by an

overall disruption of the protein ratios necessary for normal
development.

Down-regulation of the ThtAP3 paralogs individually did
not result in complete homeotic conversion of stamens into
carpels or complete loss of petaloidy, suggesting at least a
partial degree of redundancy. This is unlike the single copy
PI ortholog ThtPI, which results in complete loss of stamen
identity and a full conversion to carpels upon down-regulation
(LaRue et al., 2013). Loss of petaloid features was also partial
in ThtPI knockdowns, consisting of green streaks on otherwise
white sepals, suggesting partial redundancy of this function with
other B-class genes, and likely also E-class genes (LaRue et al.,
2013; Soza et al., 2016). Incomplete homeotic conversion of
floral organs can be attributed to partial redundancy among
the ThAP3 paralogs, supported by the presence of similar
phenotypes in different treatments. This scenario differs from
Aquilegia, in which the three AqAP3 paralogs have sub-
functionalized to stamen or petal identity (petals are absent
in Thalictrum and so is the petal-identity paralog AP3-3) and
neo-functionalized to staminodia identity (a fifth type of organ
not present in Thalictrum) (Sharma et al., 2011; Sharma and
Kramer, 2013). Additional experiments using double and triple
constructs to target multiple genes will be needed to fully
dissect the degree of redundancy amongst the Thalictrum AP3
paralogs.

The up-regulation of all B-class genes in plants targeted for
ThtAP3-2a silencing was unexpected and, barring a general
issue with our VIGS experiments, we propose two (admittedly
speculative) working hypotheses leading to testable predictions
for future experiments. The truncated ThtAP3-2a protein could
be acting as a dominant negative (Figure 6A), or there could
be a unidirectional back-up circuit effect (Figure 6B). Under
the dominant negative hypothesis, ThtAP3-2a is able to form
protein dimers (Figure 4A), but unable to form tetramers.
A dominant negative regulation may arise from mutations in
ThtAP3-2a affecting hydrophobic residues in the K helices
(Supplementary Figure S4) that are key to tetramerization
(Puranik et al., 2014), or from the loss of the highly conserved
C-terminal motifs (the paleo-AP3 region and PI motif-derived;
Kramer et al., 1998). While domain-swap and rescue experiments
in Arabidopsis, including a truncated Chloranthus AP3, have
demonstrated that the C domain and its motifs do not affect
protein function (Piwarzyk et al., 2007; Su et al., 2008), the
ability for the ranunculid Eschscholzia californica PI ortholog
SEIRENA to form tetramers is dependent on five conserved
residues within the PI motif (Lange et al., 2013). One future
direction to test whether ThtAP3-2a is acting as a dominant
negative would be to overexpress it, with the prediction that it
would result in a loss of B-function phenotype; unfortunately
stable transformation protocols are currently not available for
Thalictrum. Alternatively, back-up circuits have been proposed
as a mechanism in paralog retention, where one paralog
compensates for the decreased expression of a partner gene
(Figure 4B; Kafri et al., 2005, 2006). The variable distribution
of AP3 binding sites among the three ThtAP3 promoters
(Figure 5F) lends support to this hypothesis, as paralogs with
partially overlapping regulatory motifs are more efficient at
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rescuing the function of their mutated counterpart than paralogs
with highly similar or highly dissimilar sets of motifs (Kafri
et al., 2005). Likewise, the presence of more AP3 binding
sites in the promoters of ThtAP3-1 and ThtAP3-2b supports
the hypothesis that these genes are “backing-up” ThtAP3-2a.
Both hypothetical models rely on an initial ThtAP3-2a down-
regulation to trigger an increase in the positive regulation of
all B-class genes. The back-up model presumably leads to a
more immediate increase in expression of ThtAP3-1 and ThtAP3-
2b, as there is also a primary “back-up” response of these
paralogs (by an unknown mechanism, note different shape
of gene expression curves in Figure 6A versus Figure 6B).
Since we were unable to detect the putative transient down-
regulation of ThtAP3-2a, a more comprehensive expression
analysis would need to be done during earlier developmental
stages to provide evidence for either of these arguments.
Additional experiments are also needed to test identified binding
sites in silico, and to ascertain whether divergent amino
acids or lack of C-terminal motifs negatively affect ThtAP3-2a
function.

As a representative of an early diverging eudicot, Thalictrum
is in a key phylogenetic position to study the evolution of
floral MADS box protein–protein interactions. Our yeast two-
hybrid assays showed novel and promiscuous interactions among
the different Thalictrum AP3s. Core eudicot EuAP3 and most
monocot paleoAP3 proteins do not homodimerize, but rather
interact as obligate heterodimers with PI (Schwarz-Sommer
et al., 1992; Tröbner et al., 1992; Riechmann et al., 1996;
Moon et al., 1999; Vandenbussche et al., 2004), and this may
have led to the canalization and increased robustness of the
eudicot flower (Lenser et al., 2009; Melzer et al., 2014). However,
AP3 and PI orthologs from early-diverging angiosperms and
monocots are able to interact both as homo- and heterodimers
(Melzer et al., 2014). AP3 homodimerization was probably
lost very early in angiosperm evolution (before the eudicot–
monocot split), while PI homodimerization was likely lost
later, but before the diversification of the eudicots (Melzer
et al., 2014). Evidence presented here suggests that Thalictrum
floral MADS-box protein biochemical behavior more closely
matches that of early diverging angiosperms than that of core
eudicots. Aquilegia vulgaris AP3 (AqvAP3-2 and AqvAP3-3)
have also been shown to homodimerize, yet the three proteins
do not dimerize with each other (Kramer et al., 2007). All
three Thalictrum AP3s not only heterodimerize with ThtPI as
expected, but also homodimerize and heterodimerize with each
other (Figure 4). In addition, all four B-class protein products
can interact with the E-class partner ThtSEP3. While certain
interactions only occurred in one direction, similar asymmetrical
results have been observed, and deemed valid, in previous
publications for other MADS box genes (e.g., Galimba et al.,
2012; Lange et al., 2013). Yeast two-hybrid experiments provide
evidence for biochemical interaction amongst the candidate
proteins and are typically used as proxy; further studies will
be needed to confirm whether these interactions occur in
planta. Taken together, our results suggest that ThtAP3s can
form homodimers, in addition to the AP3-PI heterodimers that
preferentially populate B-class/E-class tetramers in Arabidopsis

(Melzer and Theißen, 2009). Our detection of AP3 binding sites
in the promoters of all B-class genes (Figure 5) supports auto-
and cross-gene regulation, as has been described for MADS
box genes more generally (Kaufmann et al., 2009). We therefore
propose that these novel protein interactions provide a potential
mechanism for the role of ThtAP3s in ectopic petaloidy of
sepals.

Although gene duplication has long been recognized as an
important contributor to the evolution of biological complexity
(Ohno, 1970; Force et al., 1999), functional studies showing the
fate of duplicated developmental genes are still limited. Here,
we analyzed the function of duplicated AP3 orthologs from a
basal eudicot and found deep conservation in stamen identity,
a novel role in ectopic petaloidy and stigma development, and
partial functional redundancy. While additional experiments
will be needed to fully dissect the complex genetic interactions
uncovered by our work, evidence presented here lends further
support to the overarching hypothesis that the duplication
of floral organ identity genes contributed to angiosperm
diversification via the generation of floral diversity.
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Floral Architecture in Proteaceae
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Proteaceae are a basal eudicot family with a highly conserved floral groundplan but
which displays considerable variation in other aspects of floral and inflorescence
morphology. Their morphological diversity and phylogenetic position make them good
candidates for understanding the evolution of floral architecture, in particular the
question of the homology of the undifferentiated perianth with the differentiated perianth
of core eudicots, and the mechanisms underlying the repeated evolution of zygomorphy.
In this paper, we combine a morphological approach to explore floral ontogenesis and
a transcriptomic approach to access the genes involved in floral organ identity and
development, focusing on Grevillea juniperina, a species from subfamily Grevilleoideae.
We present developmental data for Grevillea juniperina and three additional species that
differ in their floral symmetry using stereomicroscopy, SEM and High Resolution X-Ray
Computed Tomography. We find that the adnation of stamens to tepals takes place at
early developmental stages, and that the establishment of bilateral symmetry coincides
with the asymmetrical growth of the single carpel. To set a framework for understanding
the genetic basis of floral development in Proteaceae, we generated and annotated de
novo a reference leaf/flower transcriptome from Grevillea juniperina. We found Grevillea
homologs of all lineages of MADS-box genes involved in floral organ identity. Using
Arabidopsis thaliana gene expression data as a reference, we found homologs of other
genes involved in floral development in the transcriptome of G. juniperina. We also found
at least 21 class I and class II TCP genes, a gene family involved in the regulation of
growth processes, including floral symmetry. The expression patterns of a set of floral
genes obtained from the transcriptome were characterized during floral development to
assess their organ specificity and asymmetry of expression.

Keywords: Proteaceae, flower, development, floral symmetry, High Resolution X-Ray Computed Tomography,
transcriptome, MADS-box genes, TCP genes
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INTRODUCTION

Proteaceae are a family of woody plants comprising
approximately 1700 species in 81 genera, distributed mainly in
the Southern Hemisphere, with two main centers of diversity,
one in Australia and the other in South Africa. The hypogynous
flowers almost invariably consist of four tepals (rarely 3 or 5),
four stamens (rarely 3 or 5) opposite the tepals and with filaments
that are adnate to the tepals (rarely free), and a single carpel
with marginal placentation (Weston, 2007). Although this floral
groundplan is highly conserved, the family displays considerable
variation in other aspects of floral and inflorescence morphology.
The inflorescence is basically a raceme but with various degrees
of compaction. In subfamily Grevilleoideae, all but two genera
are characterized by compound inflorescences consisting of
racemes of flower pairs described as two-flowered short shoots
sharing a common bract (Douglas and Tucker, 1996a). Early
floral development has been described in detail in several species
of Grevilleoideae, with emphasis on the ontogenic origin of the
flower pair (Douglas and Tucker, 1996a) and carpel orientation
(Douglas and Tucker, 1996b). In addition, Proteaceae have the
highest number of transitions in perianth symmetry across all
angiosperms (Reyes et al., 2016), with at least 10 transitions
from actinomorphy (radial symmetry) to zygomorphy (bilateral
symmetry) inferred throughout the family, and at least four
reversals (Citerne et al., 2017). The developmental stage at which
bilateral symmetry becomes visible varies across angiosperm
species with a zygomorphic perianth; zygomorphy can be
present from the very first stages, when the first floral organs
are initiated, or can appear after all organs have been initiated
and have begun to differentiate (Endress, 1999; Tucker, 1999).
As in many taxa with a monomerous gynoecium, the single
plicate carpel in Proteaceae becomes bilaterally symmetrical
when the cleft starts to form, making the flower zygomorphic
at the gynoecium level (Douglas and Tucker, 1996b; Sokoloff
et al., 2017). Furthermore, in Proteaceae and more specifically
in the subfamily Grevilleoideae, the high diversity of carpel
orientation (dorso-ventral or oblique) adds further complexity
when defining the orientation of the plane of symmetry relative
to the common axis of the flower pair (Douglas and Tucker,
1996b).

The molecular bases of floral symmetry have been investigated
in depth in Antirrhinum majus (Plantaginaceae). The CYCLOIDEA
(CYC) gene is essential for the asymmetric development of
the flower in the petal and stamen whorls (Luo et al., 1996,
1999). CYC belongs to a plant-specific transcription factor
gene family, the TCP family, which is characterized by a non-
canonical basic helix-loop-helix domain (the TCP domain, Cubas
et al., 1999). TCP genes have been reported to be involved
in various cell proliferation and growth processes that control
organ development and shape (Huang and Irish, 2015; Nicolas
and Cubas, 2016). In A. majus, CYC expression varies with
the identity of the floral organ. Organ identity is classically
determined by the combined action of four classes of genes,
referred to as the A-, B-, C-, and E-classes (Coen and Meyerowitz,
1991; Causier et al., 2010). Petals are determined by the combined
action of A- and B-class genes, stamens by B- and C-class genes,

sepals by A-class genes only, and the carpel by C-class genes only.
E-class genes act as obligate partners for all floral organ identity
genes. The model is generally conserved across angiosperms with
the notable exception of the A-class, whose function as defined
in Arabidopsis thaliana appears to be limited to close relatives
in the Brassicaceae. With the exception of one A function gene
in A. thaliana, namely APETALA2, these floral organ identity
genes belong to the MADS-box transcription factor gene family
(Theißen et al., 1996). B- and C-class genes may play a role in
maintaining expression of CYC in the second and third floral
whorls in A. majus (Clark and Coen, 2002).

Asymmetric expression patterns of CYCLOIDEA homologs
(hereafter CYC-like genes) have been correlated with the
independent evolution of zygomorphy in many monocot and
eudicot clades (e. g., Hileman, 2014; Spencer and Kim, 2018).
Functional studies have confirmed the role of CYC-like genes
in the asymmetric development of floral organs in distantly
related core eudicot species such as Lotus japonicus, Iberis amara,
a hybrid of Gerbera, and in the monocot Oryza sativa (Feng
et al., 2006; Busch and Zachgo, 2007; Broholm et al., 2008;
Yuan et al., 2009). In orchids, however, no TCP gene has been
found to date to be involved in zygomorphy. In this large
monocot family, duplication and subfunctionalization in one of
the two B-class gene lineages account for the inter- and intra-
whorl tepal differentiation that generates zygomorphy (reviewed
in Mondragon-Palomino, 2013). B-class genes have been found
to be implicated in the independent evolution of zygomorphy
in other monocot taxa. For instance, in Commelina communis
(Commelinaceae), it has been suggested that in addition to
the asymmetric expression of a CYC-like gene, zygomorphy is
mediated by the asymmetric expression of a B-class gene in
the inner tepal whorl associated with a change in ventral organ
identity (from petal to sepal) (Preston and Hileman, 2012). In
maize, the lack of expression of the B-class genes in the dorsal
domain coincides with the absence of initiation of the dorsal
lodicule (Bartlett et al., 2015).

Proteaceae, with their morphological diversity and their
phylogenetic position within the basal eudicots, are good
candidates for understanding the evolution of floral architecture,
particularly regarding the homology of the undifferentiated
perianth with either the calyx or the corolla of a differentiated
perianth, and the repeated evolution of zygomorphy. In addition,
the origin of the tetramerous perianth remains unclear. A recent
study of floral trait evolution across angiosperms suggested that
the ancestral perianth of eudicots may have been dimerous
and undifferentiated (Sauquet et al., 2017), in which case the
tetramerous perianth of Proteaceae could be of dimerous origin
inherited from the ancestor of all eudicots. Yet, Proteaceae are
relatively understudied from the point of view of developmental
genetics. CYC-like genes have recently been characterized in
Proteaceae. In two zygomorphic species of Grevillea, expression
of the same ProtCYC gene was found to be asymmetric during the
late stages of floral development (Citerne et al., 2017).

This paper combines developmental and transcriptomic data
in Grevillea juniperina from subfamily Grevilleoideae. We
compared early floral ontogenesis in G. juniperina with three
other species presenting similar floral features but differing
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in floral symmetry, using a range of microscopy techniques
(including High Resolution X-Ray Computed Tomography).
We assembled de novo a transcriptome of Grevillea juniperina
from RNA-seq of leaf and flower tissues. We searched this
transcriptome for homologs of genes known to be involved in
floral development in Arabidopsis, as well as focusing on the
entire TCP and A-, B-, C-, E-class MADS-box gene families. We
characterized the expression pattern during floral development of
selected genes in G. juniperina.

MATERIALS AND METHODS

Plant Material
Plant material (inflorescences at various pre-anthetic stages)
was collected from four species of Proteaceae belonging to
tribe Embothrieae of subfamily Grevilleoideae (Weston and
Barker, 2006) and endemic to Australia: Alloxylon flammeum
P. H. Weston & Crisp (subtribe Embothriinae), Stenocarpus
davallioides D. Foreman & B. Hyland (subtribe Stenocarpinae),
Grevillea juniperina R. Br. and Grevillea petrophiloides Meisn.
(subtribe Hakeinae). The first three species have zygomorphic
flowers while the latter has actinomorphic flowers (Figure 1).
Detailed descriptions and illustrations of these species are
available in the Flora of Australia online1. A dissection of the
flower of Grevillea juniperina, showing all floral organs, is shown
in Citerne et al. (2017).

Material for Alloxylon flammeum and Stenocarpus
davallioides was sampled from trees cultivated at the Royal
Botanic Garden Sydney (under accessions S2003-0047 and
S1986-2016, respectively; voucher specimens were made
(P.H.Weston 3425 and P.H.Weston 3426) and deposited at
The National Herbarium of New South Wales (NSW)) and
fixed in FAA (85 mL 55% ethanol, 5 mL glacial acetic acid,
10 mL formaldehyde). Material for Grevillea petrophiloides
was sampled from trees cultivated in Longueville, NSW
(voucher P.H.Weston 3582: High Resolution X-ray Computed
Tomography) and Oakdale, NSW (voucher P.M.Olde 18/01:
light microscopy) and fixed in FAA and 70% alcohol,
respectively. Five plants of Grevillea juniperina were obtained
from the garden center Truffaut and planted in the Parc
Botanique de Launay (Orsay, France). These plants provided
fresh material for the development analysis and for RNA
extraction.

Development Analysis
Light Microscopy and Scanning Electron Microscopy
Light microscopy was carried out on a Leica M125
stereomicroscope. For scanning electron microscopy, developing
inflorescences and dissected tissues were dehydrated through an
ethanol-acetone series, critical-point dried and sputter coated
with gold. Imaging was carried out on a JEOL JSM 6390 Scanning
Electron Microscope at 10 kV.

1http://www.environment.gov.au/science/abrs/online-resources/flora-of-
australia-online

High Resolution X-Ray Computed Tomography
(HRXCT) and 3D Reconstruction
For HRXCT, developing inflorescences of all four species were
treated with a solution of 1% (w/v) phosphotungstic acid
in FAA for 2 months (thereby ensuring saturation of the
material with phosphotungstic acid), following the protocol
of Staedler et al. (2013). The scans were performed on a
MicroXCT-200 system (Zeiss Microscopy). X-Ray detection
was performed via scintillator crystals (Zeiss Microscopy, in-
house). The X-ray source was a Hammamatsu L9421-02 90
kV Microfocus X-Ray source. XMReconstructor 8.1.6599 (Zeiss
Microscopy) was used to perform the 3D reconstruction from the
scanning data. The AMIRA-based XM3DViewer 1.1.6 (XRadia
Inc.) was used to visualize the scans. The reconstructed 3D data
were then exported with XMController 8.1.6599 as a series of
pictures in tiff format, typically ca. one to two thousand per
sample. Scanning parameters are summarized in Supplementary
Table S1.

Tissue Collection and RNA Extraction
Young leaves and flower buds of Grevillea juniperina were
collected and processed as in Citerne et al. (2017). Total
RNA was extracted following a 2x CTAB-based extraction
buffer and lithium chloride precipitation method (Smart
and Roden, 2010) and total RNA was treated with DNase
(Ambion) following the manufacturer’s instructions. For
RNA-seq analysis, all tissues were harvested on the same
plant: young leaves and floral buds of three size ranges
(1–2 mm, 2–5 mm, over 6 mm long), and processed
individually.

For qPCR analyses, floral buds from different plants
were combined to constitute three biological replicates for
flower dissections. Dissections were carried out on freshly
harvested 6–7 mm buds already exhibiting bilateral symmetry
under a stereomicroscope (6–10 buds from two–three plants
for each biological replicate). Three tissue types (dorsal
tepals with adnate stamens, ventral tepals with adnate
stamens and gynoecium) were separately frozen in liquid
nitrogen.

Reference Transcriptome
Sequencing
Total RNAs of each tissue were checked for their integrity on
a RNA_Nano chip, using an Agilent 2100 bioanalyzer (Agilent
Technologies, Waldbronn, Germany), then pooled in equal
amounts. The RNA-seq procedure was carried out at the Institute
of Plant Sciences Paris-Saclay (IPS2, Saclay, France) on an IG-
CNS Illumina Hiseq2000 platform. The library was constructed
with the TruSeq stranded mRNA library Prep kit (Illumina R©,
CA, United States) with a sizing of 260 bp, and then sequenced
in paired-end (PE) and a read length of 100 bases on a single
lane. After quality trimming (removing the adapter, trimming
of bases with a Q score <20 and removing pairs with at
least one read <30 bases), 186,060,539 pairs of reads were
generated. The raw data are available at SRA under the accession
SRP141177.
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FIGURE 1 | Inflorescences of the study species. All species have tetramerous flowers with stamens completely adnate to tepals. (A) Inflorescence of Grevillea
juniperina with zygomorphic flowers at anthesis (arrow pointing to an open flower displaying curved tepals and style). (B) Inflorescence of Grevillea petrophiloides
with actinomorphic flowers at anthesis (arrow pointing to an open flower displaying straight tepals and style). (C) Inflorescence of Alloxylon flammeum with
zygomorphic flowers at anthesis (arrow pointing to an open flower displaying curved tepals and style). (D) Inflorescence of Stenocarpus davallioides with
zygomorphic flowers at anthesis (arrow pointing to an open flower displaying curved tepals and style). Photographs S. Nadot (A) and H. Sauquet (B–D).

Transcriptome Assembly
The de novo assembly of the transcriptome was performed
following Roberts and Roalson (2017). Six assemblies were
generated with Trinity v2.3.2 (Haas et al., 2013, with default
parameters except –SS_lib_typeRF and –min_kmer_cov 3) and
Velvet-Oases v1.2.09 (Schulz et al., 2012, kmers 25, 35, 45, 55,
and 65) and combined with the tr2aacds.pl script (v 2014.05.15)
of the Evidential Genes suite (Nakasugi et al., 2014). Only
contigs classified as “main” were kept. The quality of the
final assembly was assessed with BUSCO v3.0.2 (Waterhouse
et al., 2018) using hmmer 3.1b2 against the embryophyta_odb9
dataset.

Homology Search and Functional Annotation
Predicted protein sequences from the Grevillea juniperina
assembled transcriptome were annotated with BLASTP best
hit (Camacho et al., 2009, e-value cutoff 1e−3) against a
local version of the Arabidopsis thaliana protein database
(TAIR 10). From BLASTP results, a gene ontology (GO)
annotation was generated and extended through merging with

InterProScan results using default parameters (Jones et al.,
2014).

Overall homology of the G. juniperina proteome with other
eudicot proteomes was assessed using OrthoVenn2 (Wang et al.,
2015), selecting the proteomes of Arabidopsis thaliana and Vitis
vinifera, and uploading the proteome of Nelumbo nucifera from
NCBI (GCF_000365185.1_Chinese_Lotus_1.1_protein.faa.gz).

Floral Gene Mining and Phylogenetic
Analyses
Phylogeny of TCP Genes
All Grevillea contigs identified as TCP genes were extracted
from the G. juniperina transcriptome annotated against
the proteome of Arabidopsis thaliana by BLAST homology
search. Sequence alignment was done with MUSCLE3 (Edgar,
2004) based on predicted amino acid translations, then
manually refined. Phylogenetic reconstruction was done using

2http://www.bioinfogenome.net/OrthoVenn/
3https://www.ebi.ac.uk/Tools/msa/muscle/
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FIGURE 2 | Inflorescence and flower pair development in Grevillea juniperina
(A,B: SEM; C,D: CT-scans; E: stereomicroscope). (A) Whole inflorescence,
composed of a first order axis bearing secondary order axes each surrounded
by a hairy subtending bract. Each secondary axis bears pairs of flowers
(conflorescences). The arrow points to one secondary order axis (subtending
bract removed). (B) Flower pair, with common subtending bract (CB)
removed, showing incomplete valvate aestivation of the tepals (fT, frontal
tepal; adT, adaxial tepal = dorsal tepal; abT, abaxial Tepal = ventral tepal).
(C) Top view of a second order axis of inflorescence, showing a flower pair
from top view (arrows) with all organs initiated; the flower is made
zygomorphic by the non-central position of the gynoecium (asterisks).
(D) Virtual longitudinal section of a young flower bud showing the
monosymmetrical gynoecium primodium (G); the arrow points to the fusion
between a stamen and a tepal. (E) Floral developmental sequence, from the
first stage at which zygomorphy becomes conspicuous (left) to anthetic flower.
The arrow points to the strongly zygomorphic ovary visible through the
perianth. (F) Floral diagram of a flower pair of Grevillea juniperina showing the
orientation of each flower relatively to the common bract.

maximum likelihood as implemented in PhyML (Guindon
et al., 2010), using the GTR + 0 model [substitution model
selected by AIC using the SMS option in PhyML (Lefort
et al., 2017)] and the NNI method of tree optimization.
Branch support was calculated with the aLRT SH-like
method.

Phylogeny of ABCE MADS-Box Coding Sequences
In Arabidopsis, MADS-box genes with floral organ identity
function are APETALA1 (AP1) (A-class), APETALA3 (AP3)
and PISTILLATA (PI) (B-class), AGAMOUS (AG) (C-class) and
SEPALLATA 1/2/4 (SEP1/2/4) and SEPALLATA3 (SEP3) (E-class).
We searched for homologs of these MADS-box genes in the
G. juniperina transcriptome. Sixteen contigs were retrieved from
the transcriptome following annotation against the Arabidopsis
thaliana proteome. Sequences from transcriptomic data were
translated, and seven full length protein sequences were used
for subsequent analyses. MADS-box coding sequences (CDS)
from G. juniperina were aligned with known floral MADS-box
CDS of Arabidopsis thaliana4, Nelumbo nucifera5, Aquilegia
caerulea6, and Vitis vinifera6, using MUSCLE based on predicted
amino acid translations7 (protein IDs in Supplementary Table
S2). Phylogenetic reconstruction was done using maximum
likelihood as implemented in PhyML (Guindon et al., 2010),
using the GTR + 0 + I model [substitution model selected by
AIC using the SMS option in PhyML (Lefort et al., 2017)] and the
NNI method of tree optimization. Branch support was calculated
with the aLRT SH-like method.

Homologs of Floral Genes Co-expressed With ABCE
MADS-Box Genes in Grevillea juniperina
We searched for the genes whose expression is correlated with
that of the MADS-box genes implicated in the ABCE model
in A. thaliana, excluding SEP4 because of its low expression
specificity to reproductive tissues. The search was done with
the Expression Angler program using the AtGenExpress - Plus
Extended tissue Compendium data set (Toufighi et al., 2005).
The Pearson correlation coefficient (r-value) cut-off was fixed
at 0.5 or 0.75, and a set of unique AGI (Arabidopsis Genome
Initiative) gene identifiers (AGI-ID) was created. For each AGI-
ID, the frequency of occurrence was calculated for the seven
A. thaliana MADS-box genes used as baits and the best r-value
reported (Supplementary Table S3). Then we searched for
homologs of these genes in the G. juniperina transcriptome
annotated against the A. thaliana proteome. A new dataset of
the best matching AGI-ID in the G. juniperina transcriptome
was obtained and the corresponding numbers of G. juniperina
contigs were reported (Supplementary Table S3). A list of the
25 best correlated genes was also generated for each of the seven
MADS-box genes used as baits and compared to the G. juniperina
transcriptome.

4https://www.arabidopsis.org/
5https://www.ncbi.nlm.nih.gov/
6https://phytozome.jgi.doe.gov/
7http://translatorx.co.uk/
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FIGURE 3 | HRXCT images of developing flowers and flower pairs in Stenocarpus davallioides (A–C), Alloxylon flammeum (D,E) and HRXCT and stereomicroscope
images of inflorescence and flower pairs in Grevillea petrophiloides (F,G). (A) Virtual longitudinal section of a flower pair (lateral view), with slight monosymmetry of the
gynoecium (G) with regard to the vertical floral axis, visible on the right; the arrow points to the fusion between a stamen and a tepal. (B) Virtual longitudinal section of
a flower (front view), showing the monosymmetry of the gynoecium in the vertical axis, while the tepals (T) and adnate stamens (St) are identical. (C) Virtual
longitudinal section of a flower at a later stage (lateral view), showing slight asymmetry of the tepals and adnate stamens (the arrow points to the fused zone between
a stamen and a tepal) with respect to the vertical axis (CB, common bract). (D) Lateral view of a whole inflorescence, with the common subtending bract of a flower
pair removed (arrow). (E) Lateral view of a flower, zygomorphy is not yet apparent. (F,G) Lateral view of flower pairs at two developmental stages (CB, common bract).

FIGURE 4 | Distribution of clusters (orthologous groups) between the Arabidopsis thaliana, Vitis vinifera, Nelumbo nucifera proteomes and the Grevillea juniperina
leaf/flower proteome.
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Quantitative RT-PCR Analyses of Floral
Gene Expression
Thirteen G. juniperina contigs were selected based on their
homology with genes expressed during floral development in
Arabidopsis thaliana. They were renamed according to homology
as follows: AGAMOUS (GjuAG2), PISTILLATA (GjuPI2), SEPALLATA
(GjuSEP1 and GjuSEP3), APETALA2 (GjuAP2), APETALA1
(GjuAP1), WUSCHEL (GjuWUS), AHOOTMERISTEMLESS (GjuSTM),
CUP-SHAPED COTYLEDON2 (GjuCUC2), SPATULA (GjuSPT), BEL1
(GjuBEL1), TOUSLED (GjuTSL), and CRABSCLAW (GjuCRC).
In addition, we included the ProtCYC genes (GjuCYC1 and
GjuCYC2) that were found to be expressed in flower buds
by Citerne et al. (2017). Expression of these 15 genes was
investigated in dissections of floral organs of pre-anthetic flowers
(as described above).

Primer pairs were designed from the contig sequences
(Supplementary Table S4). The GjuPI2 gene corresponds to
a contig closely related to the full length GjuPI used in the
phylogenetic reconstruction, but lacking C-terminal region.
Unfortunately, we were unable to define an appropriate pair
of specific primers for GjuAP1 from the available sequence.
qRT-PCR reactions were performed using the Bio-Rad CFX384
touch (Bio-Rad, France) and the SYBR Premix Ex Taq (Tli
RNaseH Plus) (Takara, Ozyme, France) following the supplier’s
instructions. Three technical replicates were done for each of
the three biological replicates of the floral dissections. A dilution
series of the pooled cDNAs was used as a standard curve to
validate the primer pairs and estimate the starting quantities
(arbitrary units). Gene expression was normalized with the
mean of the three reference genes ACT8, TUB7, and FBA1
coding for actin, tubulin and fructose bisphosphate aldolase,
respectively. The normalized expression values are provided
in Supplementary Table S5. Differential expression for each
gene was tested with a Two-way ANOVA (tissue and replicate
effects) and a Tukey test for pairwise comparisons. P-values were
adjusted for multiple testing with a BH correction. Adjusted
p-values lower than 0.05 were considered as significant.

RESULTS

Floral Development and Establishment
of Zygomorphy
The developing flowers in Grevillea juniperina (zygomorphic
flowers at anthesis, Figure 1A, arrow) display a perianth
that is actinomorphic until the tepals are formed and
begin to elongate (Figures 2A–F), as in the actinomorphic
species Grevillea petrophiloides (Figure 1B, distal part of
the inflorescence, and Figures 3F,G). In G. juniperina, the
virtual longitudinal section obtained with HRXCT shows
that the carpel develops asymmetrically relative to the center
of the floral bud (Figure 2D), even though the other organ
whorls (tepals and stamens) are radially symmetrical. The
monosymmetrical shape of the developing carpel suggests
asymmetrical growth of the primordium. It can be noted that
the incomplete valvate aestivation in G. juniperina (Figure 2B)

makes the young flower bud slightly disymmetric rather than
strictly actinomorphic. The base of the tepals and stamens is
already slightly fused, indicating that the adnation of stamens
to tepals occurs early during development. Early development is
similar in the two other species sampled in this study, Alloxylon
flammeum and Stenocarpus davallioides (both zygomorphic
at anthesis; Figures 1C,D, arrows), which have flowers with
an actinomorphic perianth at early stages and a gynoecium
that develops asymmetrically relative to the center of the
floral bud (Figures 3A–E). In Grevillea petrophiloides, the style
elongates faster than the tepals before anthesis, and forces its way
through the two dorsal tepals (visible in the proximal part of the
inflorescence, Figure 1B), but in mature flowers, the style and
the tepals are straight, contrary to the three other species.

Assembly and Annotation of the
Reference Transcriptome
67,004 contigs were obtained from the de novo assembly of the
transcriptome of G. juniperina, with lengths ranging from 180 to
9,937 bases for a mean of 877.8, a N50 of 1,491 and 59,306,330
assembled bases. The result of the BUSCO analysis was C: 84.8%
[S: 74.9%, D: 9.9%], F: 8.4%, M: 6.8%, n: 1,440 demonstrating the
good quality of this assembly.

InterProScan identified 30,063 contigs with at least one
protein domain. Among these, 14,488 contigs could be annotated
with one category (or more) of the Gene Ontology (GO). We
focused on transcription factors, selecting all contigs annotated
as GO:0003700 and analyzed their PFAM domains. We found
240 contigs with such transcription domain annotation (1.6%
of the GO annotated contigs), most of which corresponded to
AP2 (29%), WRKY DNA-binding (23%) and bZip (12%) domains
(Supplementary Figure S1).

37,842 contigs had homology with 13,946 Arabidopsis
proteins, while 37,817 had a GO annotation. The two
best-represented categories in Biological Process were “other
cellular processes” (26%) and “other metabolic processes”
(22%); in Cellular Components, the four best-represented
categories were “other cytoplasmic components” (18%), “other
intracellular processes” (14%), “nucleus” (15%) and “other
membranes” (13%); among Molecular Functions, the prominent
categories were “protein binding” (20%), “other binding”
(14%),“other enzyme activity” (13%), and “transferase activity”
(11%) (Supplementary Figure S2). We found 937 G. juniperina
contigs with a functional annotation in one or more categories
identified as GO: 0009908 (flower development) and its children
categories. Beyond general flower development, the most
represented categories pertained to stamen (20%) and ovule and
carpel (16%) development (Supplementary Figure S3).

Homology With Other Eudicot
Proteomes
Proteins deduced from the contigs of G. juniperina were
compared to those in the proteomes of three fully sequenced
species, Arabidopsis thaliana, Nelumbo nucifera, and Vitis
vinifera, using to the algorithm available from the OrthoVenn site
(Figure 4). As expected because of imperfect transcriptome de
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FIGURE 5 | Unrooted phylogram of TCP genes from the Arabidopsis thaliana genome and the Grevillea juniperina transcriptome (in red). 21 of the 24 G. juniperina
transcripts were included in this analysis. Branches with less than 0.5 aLRT values were collapsed. Representatives of both class I and class II TCP genes were
found in G. juniperina.

novo assembly, the highest proportion of singletons was obtained
from G. juniperina (58% of the number of proteins against 10–
33% in the three other species). 20,787 clusters, i.e., orthologous
groups were inferred, 14,362 of these included at least two
species. 3,363 clusters included only sequences from G. juniperina
while 1,132, 1,005, and 925 clusters were specific to A. thaliana,
V. vinifera, and N. nucifera, respectively. This higher number
of specific clusters could be due to various factors (distant
homologs that were not identified, enrichment in specific floral

symmetry genes, assembly problems, etc). A GO enrichment
test on these cluster members did not provide any clues as to
a possible involvement in floral symmetry. 10,041 orthologous
groups included sequences from all four species. Among the three
pairwise comparisons involving the inferred Grevillea proteome,
Grevillea and Nelumbo, both from the order Proteales, shared
the highest number of total and pair-specific orthologous groups,
which is consistent with their phylogenetic position. Orthologous
groups including sequences of Grevillea, Vitis, and Nelumbo were
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FIGURE 6 | Unrooted phylogram of A-, B-, C-, E-class MADS-box genes. Seven G. juniperina full-length transcripts were included in this analysis. Branches with
less than 0.5 aLRT values were collapsed. “Gju” is the abbreviation for Grevillea juniperina, “Vvi” for Vitis vinifera, “Nnu” for Nelumbo nucifera, “Ath” for Arabidopsis
thaliana and “Aco” for Aquilegia caerulea genes. Protein IDs are specified in Supplementary Table S2.

more numerous than those including sequences of Arabidopsis,
Vitis, and Nelumbo.

Mining the Grevillea juniperina
Transcriptome for Homologs of Genes
Involved in Floral Development
We focused on two families of transcription factors involved
in growth and development processes, particularly in flowers.
TCP genes have been reported to be involved in various
cell proliferation and growth processes that control organ
development and shape, including floral symmetry (Huang and
Irish, 2015; Nicolas and Cubas, 2016). MADS-box genes of A-,
B-, C-, and E- classes are involved in floral organ identity and
also interact with patterning and growth genes (Sablowski, 2015).

In addition, we searched for homologs of genes co-expressed
with the ABCE MADS-box genes as candidates for a conserved
floral gene regulatory network module between A. thaliana and
G. juniperina.

Phylogeny of TCP Homologous Genes
Twenty-four contigs with homology to TCP genes were identified
in our G. juniperina transcriptome. Assembled fragment lengths
ranged from 245 to 4,726 nucleotides; 10 fragments were
predicted to contain complete ORFs (with identifiable start and
stop codons) with putative ORF lengths ranging from 211 to
573 amino acids. All contigs but three had the characteristic
basic helix-loop-helix TCP domain. Of the three contigs where
the TCP domain could not be found, two had 76.4% sequence
identity with R domains that were identified by blastx searches
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FIGURE 7 | Analysis of the Grevillea juniperina homologs of genes
co-expressed with the ABCE model MADS-box genes in Arabidopsis thaliana.
(A) Number of A. thaliana genes (At gene) of the GRN and their homologous
sequences in G. juniperina (Gju hom) plotted relative to the Pearson
correlation coefficient (r-value) cut-off. The number of corresponding contigs
for each homolog (Gju contig) are also plotted. (B) Percentage of the 25
A. thaliana MADS-box best-correlated genes having at least one homolog in
G. juniperina. The list of the 25 best correlated genes was done using each of
the seven A. thaliana MADS-box genes as a bait, or a compilation of the best
correlated to all the ABCE MADS-box genes (all).

as homologous to TCP2. One contig lacked any recognizable
domain because it corresponded to the region downstream of the
TCP domain, but was found to be homologous by blastx searches
to TCP8.

The phylogenetic analysis of 192 aligned nucleotide positions,
mainly comprising the TCP domain, from the 21 G. juniperina
(excluding the three contigs without TCP domain) and 24
A. thaliana TCP genes showed that both class I and class
II TCP were recovered with high support (Figure 5). Class
I genes were over-represented in G. juniperina, with at least
14 copies compared to A. thaliana (13 copies), unlike class
II genes with at least seven copies compared to A. thaliana
(11 copies). One CYC-like copy (homologous to the CYC-like
genes TCP18/TCP12/TCP1 in A. thaliana) was found in the

transcriptome of G. juniperina, corresponding to the previously
characterized ProtCYC1 (Citerne et al., 2017).

Phylogeny of ABCE MADS-Box Genes
Sixteen contigs annotated as one of the Arabidopsis thaliana
ABCE MADS-box AGI gene identifiers were extracted from the
G. juniperina transcriptome after annotation. Seven fragments
were predicted to contain full length ORFs (with identifiable
start and stop codons) with putative lengths ranging from 209
to 247 amino acids. All full-length contigs had the characteristic
MIKC domains. Among the nine incomplete contigs, four lacked
the N-terminal coding sequence and five lacked the C-terminal
region. Among these incomplete sequences, one, three, and
five contigs aligned partially with GjuAP1, GjuSEP, and GjuPI,
respectively, suggesting other alleles or paralogs.

A phylogenetic tree including full length G. juniperina
coding sequences and A-, B-, C-, and E-class MADS-box CDS
from Vitis vinifera, Nelumbo nucifera, Arabidopsis thaliana, and
Aquilegia caerulea was reconstructed using PhyML (Figure 6).
We retrieved the A-, B-, C-, and E-class gene lineages with
good support, and at least one G. juniperina sequence falls in
each of these clades. Two AG-like G. juniperina sequences were
found in the C lineage, one of which is closely related to the
N. nucifera sequences. Three G. juniperina sequences were found
in the E lineage. One of these fell in the SEP3 clade; the other
two grouped together and might correspond to closely related
paralogs. Surprisingly in the B-class, no G. juniperina sequence
was found in the AP3 lineage, while one sequence was found
in the PI one, closely related to the two other basal eudicot
sequences.

Homologs of Genes Co-expressed With ABCE
MADS-Box Genes
To investigate the extent to which the gene network involved
in floral organ development is conserved between Arabidopsis
and Grevillea, we searched for genes with expression patterns
that are correlated with that of ABCE MADS-box genes in
Arabidopsis thaliana using the Expression Angler Website, and
then searched for their homologs in the annotated G. juniperina
transcriptome. In Arabidopsis, 822 and 34 genes were found
with a Pearson correlation coefficient cut-off (r-value) of,
respectively, 0.5 and 0.75 (Supplementary Table S3). Analysis
of the annotated G. juniperina transcriptome indicates global
conservation of the gene network between the two species
(Figure 7A) although with some variations (Table 1). Homologs
of ABCE genes and of their highest correlated genes were
found in the G. juniperina transcriptome, suggesting they are
conserved between the two species (Figure 7A and Table 1).
Indeed, 10 out of the 14 Arabidopsis genes with an r-value of
0.8 have at least one homologous contig in the G. juniperina
transcriptome.

Analyses of the 25 best correlated genes to each of
the seven A. thaliana ABCE MADS-box genes showed an
overrepresentation of homologs of the AP1-correlated genes
and an underrepresentation of the AG-correlated genes in the
G. juniperina annotated transcriptome. The analysis confirmed
that no homologs of AP3 were found in the G. juniperina
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transcriptome (Table 1). Nevertheless, the percentage of
G. juniperina homologs of AP3-correlated genes was similar to
the percentage of the homologs of PI-correlated genes, or to
the percentage computed over all the best ABCE MADS-box
correlated genes (Figure 7B).

Gene Expression During Floral
Development
Homologs of genes that play a role in floral meristem
termination, organ identity/development and boundaries
between organs in Arabidopsis thaliana were identified in the
G. juniperina transcriptome annotated against the Arabidopsis
proteome. In particular, genes expressed in carpel and/or
ovule development in A. thaliana (Arnaud and Pautot, 2014;

Maugarny et al., 2016) and in other distantly related taxa
(Fourquin et al., 2005; Reymond et al., 2012) were targeted,
since the gynoecium can easily be separated from perianth
with adnate stamens tissues, and its growth pattern is a major
component of floral symmetry. In addition, the two previously
characterized ProtCYC1 and ProtCYC2 genes (Citerne et al.,
2017) respectively, GjuCYC1 and GjuCYC2, were included in the
expression analysis.

The expression pattern of these genes was examined in
dissected organs from 6 to 7 mm buds using qRT-PCR. GjuCRC
and GjuSTM had a predominant expression in the gynoecium
compared to the dorsal and ventral organs, while GjuAP2,
GjuBEL1, GjuCYC2 and GjuPI2 were predominantly expressed
in the dorsal and ventral organs. GjuSEP1 and GjuSEP3 were
significantly induced in the ventral organs compared to the

TABLE 1 | List of genes co-expressed with the ABCE MADS-box genes in Arabidopsis thaliana (r-value ≥ 0.75, in bold the 14 AGI-ID with an r-value ≥ 0.8; AGI ID,
Arabidopsis Genome Initiative, gene identifier).

AGI ID Annotation Gju. Contig number

With at least one homologous sequence in the G. juniperina transcriptome.

At1g24260 AGL9_SEP3__K-box region and MADS-box transcription factor family protein 2

At3g02310 AGL4_SEP2__K-box region and MADS-box transcription factor family protein 4

At4g18960 AG__K-box region and MADS-box transcription factor family protein 1

At5g20240 PI__K-box region and MADS-box transcription factor family protein 6

At1g69120 AGL7_AP1_AtAP1__K-box region and MADS-box transcription factor family
protein

1

At1g78960 ATLUP2_LUP2__lupeol synthase 2 6

At1g59640 BPE_BPEp_BPEub_ZCW32__BIG PETAL P 2

At1g02190 Fattyacid hydroxylase superfamily 1

At3g03450 RGL2__RGA-like 2 1

At1g05490 chr31__chromatin remodeling 31 1

At2g38110 ATGPAT6_GPAT6__glycerol-3-phosphate acyltransferase 6 4

At5g02190 ATASP38_EMB24_PCS1__Eukaryotic aspartyl protease family protein 1

At3g01980 NAD(P)-binding Rossmann-fold superfamily protein 1

At5g59120 ATSBT4.13_SBT4.13__subtilase 4.13 1

At5g35670 iqd33__IQ-domain 33 1

At5g33370 GDSL-like Lipase/Acylhydrolase superfamily protein 5

At2g20870 Cell wall protein precursor, putative 1

At5g22430 Pollen Ole e 1 allergen and extensin family protein 3

At4g09960 AGL11_STK__K-box region and MADS-box transcription factor family protein 1

With no homologous sequence in the G. juniperina transcriptome.

At3g54340 AP3_ATAP3__K-box region and MADS-box transcription factor family protein

At5g15800 AGL2_SEP1__K-box region and MADS-box transcription factor family protein

At4g01080 TBL26__TRICHOME BIREFRINGENCE-LIKE 26

At3g10570 CYP77A6__cytochrome P450, family 77, subfamily A, polypeptide 6

At1g16705 p300/CBP acetyltransferase-related protein-related

At3g04960 Domain of unknown function (DUF3444)

At1g66350 RGL_RGL1__RGA-like 1

At4g21590 ENDO3__endonuclease 3

At1g27360 SPL11__squamosa promoter-like 11

At4g14695 Uncharacterised protein family (UPF0041)

At3g28500 60S acidic ribosomal protein family

At5g48880 KAT5_PKT1_PKT2__peroxisomal 3-keto-acyl-CoA thiolase 2

At1g35170 TRAM, LAG1, and CLN8 (TLC) lipid-sensing domain containing protein

At2g42830 AGL5_SHP2__K-box region and MADS-box transcription factor family protein

At1g72260 THI2.1_THI2.1.1__thionin 2.1
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gynoecium. Finally, GjuCYC1 was predominantly expressed in
the ventral organs (Figure 8).

DISCUSSION

By describing specific developmental features of flowers within
Proteaceae, we found that the adnation of stamens to tepals takes
place at early developmental stages, and that the establishment
of bilateral symmetry coincides with asymmetrical growth
of the single carpel. The transcriptome data obtained in
parallel provides a wide array of genes expressed during floral
development, opening the way for future studies to look at the
expression of selected candidates within specific organs and/or at
specific developmental stages, as discussed below.

Floral Development
In angiosperms, the initiation of floral organs typically follows
a highly conserved pattern, with a centripetal initiation of
the organs from the outermost to the innermost (generally
the gynoecium) (Endress, 2006). However, there is no general
rule as to when symmetry is established during development
(Endress, 1999). In species with zygomorphic flowers, bilateral
symmetry can be visible very early on during development;
alternatively, floral buds can remain actinomorphic until late
stages of development. Furthermore, species with actinomorphic
flowers at anthesis may undergo transitory bilateral symmetry
of the floral bud during development (reviewed in Reyes
et al., 2016). At the gynoecium level, the type of symmetry
is conditioned by the number of carpels and their closure
pattern, which can be either ascidiate or plicate (Endress,
2015; Sokoloff et al., 2017). In species with a single plicate
carpel presenting a marked cleft during development, as
it is the case in Proteaceae (Douglas and Tucker, 1996b),
the gynoecium becomes zygomorphic as soon as the cleft
begins to form. In most subfamilies of Proteaceae, the cleft
is typically oriented along the dorso-ventral axis, facing the
adaxial tepal. In Grevilloideae, however, the situation is more
complex, as described in detail by Douglas and Tucker (1996b)
(see also Johnson and Briggs, 1975), who suggested that the
variation in carpel orientation could be related to the space left
after stamen initiation. Our observations suggest asymmetrical
growth of the carpel primordium from the very early stages,
resulting in early zygomorphy of the gynoecium. The orientation
of flowers within the flower pair is also variable (Douglas
and Tucker, 1996a), making the interpretation of axes of
symmetry even more complex. Such variation in carpel and
flower orientation has been suggested to be related to the
inflorescence structure and degree of compaction that are
both variable across the family (Johnson and Briggs, 1975).
In Embothrieae, the tribe to which our four study species
belong, zygomorphy is widespread and has been inferred as
the ancestral condition (Citerne et al., 2017). The different
degrees of floral bilateral symmetry at anthesis in the species
examined here could be related to differences in inflorescence
morphology. How the shape and compaction of the inflorescence
may condition flower symmetry remains to be explored. The

fact that ProtCYC genes are expressed (although faintly in
the case of ProtCYC1) in the gynoecium of G. juniperina
(Citerne et al., 2017 and this study), and asymmetrically in the
tepals and/or adnate stamens (ProtCYC1 only), suggests that
these genes could play a role in the genetic control of floral
zygomorphy in Proteaceae, as already suggested by Citerne et al.
(2017).

The position of stamens, opposite the tepals, questions the
identity of the perianth. In whorled flowers, the stamens usually
alternate with adjacent perianth parts when in equal number.
In the order Ericales, obhaplostemony (petal-opposed stamens)
is believed to be derived from diplostemony (Schönenberger
et al., 2005), with the loss of a stamen whorl. Detailed expression
studies of the homologs of floral organ identity genes and their
correlated genes found in the G. juniperina transcriptome may
provide clues as to the homology of the perianth. Furthermore,
the transcriptomic data may also help to investigate the genetic
control of organ fusion.

A Transcriptomic Tool to Investigate the
Genetic Bases of Floral Development
Transcriptomic data from Proteaceae species are scarce and
have mostly been obtained from leaves for specific purposes: in
Leucadendron to derive phylogenetic markers (Tonnabel et al.,
2014), in Protea repens to study population differentiation in
relation to local adaptation (Akman et al., 2016), in Banksia
hookeriana to derive SSR markers (Lim et al., 2017) and in
Gevuina avellana to study heteroblastic development under
different light conditions (Ostria-Gallardo et al., 2016). In
Macadamia integrifolia, a reference transcriptome was built
from flowers, shoots and leaves, in parallel to a draft genome
(Nock et al., 2016). Our Grevillea juniperina transcriptome
was built from an equal mix of RNAs from young leaves
and flower buds at three developmental stages, all posterior
to organ inception. The general metrics of this transcriptome
such as N50, mean length of contigs, percentage of annotated
contigs, all fall within the range of values obtained in other
Proteaceae species (e.g., Akman et al., 2016). The sequencing
effort and mix of tissues were designed to cover a large
panel of expressed genes including transcription factors, with
a higher proportion of floral samples in the library used for
RNA-seq to obtain a good coverage of transcripts expressed
during floral development. We probably missed some rare floral
transcripts, such as the ProtCYC2 gene that we previously found
to be expressed in floral buds of the same species of Grevillea
(Citerne et al., 2017), and whose expression was confirmed
here. Equally, the absence of a homolog of the B-class gene
AP3 is intriguing, because we were able to find at least one
homologous contig for all the other A-, B-, C-, and E-class
genes. The fact that we found G. juniperina homologs of
A. thaliana genes with correlated expression with AP3 would
rather be in favor of a technical bias. Gene expression analysis
showed expected patterns for the homologs of the identity
genes tested, including GjuAP2, a homolog of the A. thaliana
AP2 gene, which is one of the two A-class genes and the
only ABCE model gene that is not from the MADS-box gene
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FIGURE 8 | Expression patterns of 14 floral genes assessed by qRT-PCR in floral dissections of Grevillea juniperina. Organs were dissected from 6–7 mm buds; dor,
dorsal tepals and adnate stamens; vent, ventral tepals and adnate stamens; gy, gynoecium. For a better display, the normalized expression levels of each gene in
this figure are shown relative to the dor sample. In this figure, the expression level of GjuCRC in the gynoecium is 844. The error bars are calculated from three
biological replicates. The statistically significant pairwise comparisons are indicated with brackets.

family. TCP genes are also well represented in the transcriptome,
with 14 and seven homologs belonging to class I and class
II subfamilies, respectively, which is comparable to the size
of the family in many eudicots. One sequence matched the
previously characterized ProtCYC1 gene, which is homologous
to the Arabidopsis CYC-like genes (TCP18/TCP12/TCP1). This
gene is the only one exhibiting an asymmetric expression pattern
in the floral dissection that could be related to the asymmetry
of the perianth and stamens, as already observed by Citerne
et al. (2017) in this species and another zygomorphic Grevillea
species.

ABCE MADS-box genes are master regulators of the floral
organ development Gene Regulatory Network (GRN) that are
subjected to strong functional constraints, in contrast with
the great flexibility of organ morphogenesis (Davila-Velderrain
et al., 2013; Becker and Ehlers, 2016). Genes co-expressed
with these regulatory genes in Arabidopsis could serve as baits
to identify conserved modules of connected genes in other
species and analyze their evolution and expression patterns.
A large proportion of genes with expression patterns that are
highly correlated with floral organ identity gene expression
in Arabidopsis thaliana have homologs in the G. juniperina
transcriptome (10 out of 14). Available functional studies in
A. thaliana indicate that these genes code for transcription factors
and/or hormonal signaling pathway proteins, and are important
regulators of flower organ development, sexual reproduction,
and seed fertility (Ge et al., 2005; Szecsi et al., 2006; Hou et al.,
2008; Varaud et al., 2011; Li et al., 2012; Hong et al., 2017).
A less stringent correlation threshold gives a lesser proportion of
homologous genes in the G. juniperina transcriptome. This may

suggest that beyond a core set of genes whose expression patterns
are strongly parallel to that of organ identity genes, other genes
involved in flower development have diverged in the two species.
It is worth noting the relative overrepresentation in G. juniperina
of homologs of AP1-correlated genes. It remains to be seen
whether this finding may be relevant for assessing the homology
of undifferentiated perianth organs with sepals or petals. Among
the genes expressed during carpel and ovule development in
Arabidopsis, only GjuCRC and GjuSTM exhibit a predominant
expression in the gynoecium of G. juniperina, while GjuAG2
was also found to be expressed in perianth and stamen tissues
(both ventral and dorsal organs). Detailed expression analysis
of these genes at the tissue level (using in situ hybridization
for example) may provide insight into the processes involved
in the monosymmetric growth of the gynoecium during floral
ontogeny.

Floral evo–devo questions that concern Proteaceae are
many, among which the homology of the undifferentiated
perianth to a calyx or a corolla, the adnation of stamens, or
the chronology and developmental processes of the acquisition
of zygomorphy. Such issues could be addressed by combining
developmental and molecular approaches, for example using
RNA-seq at different floral developmental stages in a panel of
well-chosen species. The G. juniperina reference transcriptome
will be a valuable resource for all these future studies. It will be
a reference for identifying differentially expressed genes related
to the establishment of symmetry at appropriate developmental
stages in different floral organs, and for investigating the
gene network underlying tepal development, providing
insights into the homology of the colored perianth organs.
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Choosing appropriate developmental stages may be facilitated
by High Resolution X-Ray Computed Tomography giving access
to early developmental stages without dissection, which is
especially valuable for species with young compact and tough
inflorescences.
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A common feature in developmental networks is the autoregulation of transcription
factors which, in turn, positively or negatively regulate additional genes critical for
developmental patterning. When a transcription factor regulates its own expression
by binding to cis-regulatory sites in its gene, the regulation is direct transcriptional
autoregulation (DTA). Indirect transcriptional autoregulation (ITA) involves regulation
by proteins expressed downstream of the target transcription factor. We review
evidence for a hypothesized role of DTA in the evolution and development of novel
flowering plant phenotypes. We additionally provide new bioinformatic and experimental
analyses that support a role for transcriptional autoregulation in the evolution of flower
symmetry. We find that 5′ upstream non-coding regions are significantly enriched for
predicted autoregulatory sites in Lamiales CYCLOIDEA genes—an upstream regulator
of flower monosymmetry. This suggests a possible correlation between autoregulation
of CYCLOIDEA and the origin of monosymmetric flowers near the base of Lamiales,
a pattern that may be correlated with independently derived monosymmetry across
eudicot lineages. We find additional evidence for transcriptional autoregulation in the
flower symmetry program, and report that Antirrhinum DRIF2 may undergo ITA. In
light of existing data and new data presented here, we hypothesize how cis-acting
autoregulatory sites originate, and find evidence that such sites (and DTA) can arise
subsequent to the evolution of a novel phenotype.

Keywords: CYCLOIDEA, evolution, flower development, symmetry, transcriptional autoregulation

INTRODUCTION

A common feature in developmental networks is the autoregulation of transcription factors
which, in turn, positively or negatively regulate additional genes critical for developmental
patterning. A trans-acting protein is considered transcriptionally autoregulated when the
protein itself, or downstream factors, modulate its expression. Transcriptional autoregulation
can be either direct, or indirect. In direct transcriptional autoregulation (DTA), a protein
binds to cis-regulatory sites in its gene and modulates expression. Indirect transcriptional
autoregulation (ITA) involves regulation by proteins expressed downstream of the target
transcription factor (Figure 1). Both DTA and ITA have the potential to enter run-away
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FIGURE 1 | Schematic representation of direct and indirect transcriptional autoregulation (DTA and ITA, respectively) involving two transcription factors. Gene A
undergoes DTA and also regulates transcription of gene B. In turn, Gene A undergoes ITA when B regulates its transcription.

positive feedback processes. Expression of such genes is
likely reduced or stabilized by additional regulatory factors.
Transcription factor autoregulation is widespread. For example,
at least 40% of transcription factors in Escherichia coli are
autoregulated (Rosenfeld et al., 2002), and similar direct and
indirect autoregulation has been reported across the tree of life—
in viruses, prokaryotes, and eukaryotes (for example, Hochschild,
2002; Martínez-Antonio and Collado-Vides, 2003; Holloway
et al., 2011; Tao et al., 2012; Gallo-Ebert et al., 2013; and
reviewed in Bateman, 1998; Crews and Pearson, 2009), including
those with complex development (for example, Cripps et al.,
2004; Holloway et al., 2011; Ye et al., 2016). DTA has been
demonstrated in processes as diverse, and crucial as the origin
of certain cancers (Pasqualucci et al., 2003), and the onset of
flowering (Tao et al., 2012).

The widespread occurrence of transcription factor
autoregulation suggests a beneficial role in the function
and evolution of genetic programs. Here, we provide a review
of evidence for DTA in key flowering plant developmental
programs. We provide new data supporting the hypothesis
that DTA facilitated the evolution of flower monosymmetry in
Lamiales. Together these data provide compelling evidence for
the hypothesis that DTA plays a role in facilitating the evolution
of novelty.

ADVANTAGES OF AUTOREGULATION

Several models suggest that autoregulation, especially DTA, can
maintain a steady level of expression independent of other
factors. If so, genes that are more likely to be autoregulated
should be those that experience fleeting regulatory signals, or
are positioned upstream in genetic regulatory networks with
crucial developmental functions (Crews and Pearson, 2009;

Singh and Hespanha, 2009). For example, several transcription
factors involved in antibiotic resistance are reported to be
autoregulated, resistance being a crucial phenotype (Hoot et al.,
2010; Hervay et al., 2011). Similarly, entering or exiting lytic
and lysogenic stages is a key developmental decision in lambda
bacteriophages, and this decision is partly controlled by the
autoregulation of a transcription factor, CI (Hochschild, 2002).
The prediction that transcription factors upstream in regulatory
networks are more likely to undergo autoregulation has been
tested in the model eukaryote yeast, Saccharomyces cerevisiae.
In yeasts, where all possible transcription factor interactions
have either been tested or predicted, master regulatory genes
are significantly more likely to experience autoregulation than
are other regulators (Odom et al., 2006). Similarly, five out
of six master regulatory genes in human hepatocytes bind
to their own promoters, i.e., undergo DTA (Odom et al.,
2006).

How regulatory networks define stable phenotypes is an
important question in evolution and development. Simulations
of developmental network evolution suggest that autoregulated
genes are more robust when faced with random mutations and
environmental perturbation (Pinho et al., 2014). The model
that DTA stabilizes expression by reducing system noise has
been tested in the gene hunchback in Drosophila melanogaster.
Models where the HOX transcription factor Hunchback binds
to the hunchback promoter (i.e., hunchback undergoes DTA)
predict less promoter binding-unbinding noise, making the
system more robust (Holloway et al., 2011). Experimental work
in hunchbackmutants whose protein cannot bind to DNA (hence,
cannot undergo DTA) supports this prediction (Holloway et al.,
2011).

In addition to enhancing system robustness, autoregulation
provides a mechanism for maintaining expression through key
stages of development (reviewed below) that are potentially
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critical for patterning phenotype. However, the developmental
role of DTA has only been tested by mutational studies in
a handful of cases. To determine the role of transcription
factor DTA, the direct binding between the protein product
of a gene and that gene’s cis-regulatory DNA can be either
intensified or weakened through direct DNA manipulation.
For example, addition or deletion of cis-regulatory self-binding
sites can be used to test for the specific developmental role
of DTA within a given species (Espley et al., 2009; Tao et al.,
2012; Gallo-Ebert et al., 2013). A complementary, but more
difficult approach is to alter transcription factor peptide sequence
by mutagenesis in order to modify affinity toward the self-
binding sites, e.g., in the hunchback exampled discussed above
(Holloway et al., 2011). In some model systems, it is possible
to repress activity of a transcription factor by overexpressing
a dominant chimeric version of the peptide with a repressor
domain added to the carboxy-terminus. The chimeric protein
can repress the function of the native transcription factor by
competitive inhibition (for example, Hiratsu et al., 2003; Koyama
et al., 2010). Recent advances in CRISPR/Cas9 gene-editing

technologies (Ma et al., 2016) will certainly facilitate exploration
of DTA function, at least in model species.

REVIEW OF DTA IN FLOWERING PLANT
DEVELOPMENTAL EVOLUTION

Once an initial signal for activation of gene expression has
been received, a transcription factor capable of DTA can
contribute to swift developmental decisions. A clear example
comes from work on the developmental transition to flowering
(Figure 2A). Flowering time is a key life-history transition in
plant development, intimately tied to environmental cues and
aging in order to ensure reproductive success (reviewed in
Ó’Maoiléidigh et al., 2014). In Arabidopsis thaliana, the transition
from vegetative to reproductive development is regulated
in part by a MADS-box transcription factor, SUPPRESSOR
OF OVEREXPRESSION OF CONSTANS 1 (SOC1). SOC1
undergoes DTA through the binding of SOC1 protein to four
cis-regulatory CArG-box self-binding sites close to the SOC1

FIGURE 2 | Direct transcriptional autoregulation (DTA) in novel plant phenotypes. (A) Disrupting DTA by removal of cis-acting autoregulatory sites in Arabidopsis
SOC1 delays onset of flowering. (B) The number of autoregulatory sites in apple MYB10 cis-regulatory sequence is correlated with fruit flesh color.
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transcription start site (Tao et al., 2012). The flowering transition
is significantly delayed in the insertional mutant soc1-2 which
carries a loss-of-function mutation in the coding sequence of
SOC1. The delayed flowering phenotype is largely rescued when
soc1-2 lines are transformed with a wild type SOC1 allele
(including the wild type promoter). This mutant-rescue system
with known self-binding sites in the SOC1 promoter creates
an elegant system for testing the specific role of SOC1 DTA
in establishing tight control of the flowering time phenotype.
In heterozygous rescue lines where the self-binding sites in the
transgenic allele have been mutated by substituting nucleotides
at the first two and last two positions of the CArG-box
binding site, flowering is delayed (Tao et al., 2012). This
suggests that the DTA of SOC1 has a key role in transition
to flowering. Tao et al. (2012) provide further evidence of
SOC1 autoregulation using an estradiol-inducible expression
system. Estradiol-induction allows tight control over transgenic
protein entering the nucleus and functioning as a transcription
factor. Within 2 h of estradiol-induction of transgenic SOC1,
expression of endogenous SOC1 tripled in comparison to a
control. This rapid increase in SOC1 expression after releasing
transgenic SOC1 protein to the nucleus suggests SOC1 plays
a direct role in its own upregulation. Together, these SOC1
experiments in Arabidopsis provide clear evidence that once
induced, a transcription factor undergoing DTA can rapidly
increase its expression level to swiftly respond to a signal and
affect developmental outcomes.

Sustained, stable, and high expression is likely key to defining
complex phenotypes. Other than increasing the expression level
at a certain point during development (as described in SOC1
above), DTA would provide selective advantage if it could
sustain the expression for an extended time through consecutive
developmental events. A way to test this would be to determine
how expression changes when homologous autoregulatory and
non-autoregulatory sites between a pair of recently diverged
paralogs are swapped. Arabidopsis APETALA1 (AtAP1) and
CAULIFLOWER (AtCAL) are two recently duplicated paralogs
(Wang et al., 2012) and this system was employed by Ye et al.
(2016) to test the role of DTA for sustaining expression in
developmental patterning. AtAP1 defines sepal development,
and Ye et al. (2016) found that strong expression of AtAP1 is
initiated in floral meristems, and that the expression continues
to near-mature flower stages (stage-12). AtAP1 also undergoes
DTA wherein it binds to a CArG-box located in its cis-regulatory
region and activates AtAP1 transcription. On the other hand,
AtCAL does not undergo DTA, is expressed at a low level in early
stage flowers, with the expression vanishing soon after stage-4
(Ye et al., 2016). In an elegant system, Ye et al. (2016) generated
β-glucuronidase (GUS) reporter-constructs driven by AtAP1 and
AtCAL promoter regions. When the CArG-box in the GUS
reporter construct with the AtAP1 promoter was replaced with
the homologous non-autoregulatory nucleotides from the AtCAL
promoter, two changes occurred. First, the overall expression
level of GUS dropped, and second, the expression duration was
shortened, approximating that of AtCAL in wild type plants.
On the contrary, when GUS was placed under the control
of an AtCAL promoter whose non-autoregulatory nucleotides

had been replaced with the homologous CArG-box from the
AtAP1 promoter, GUS expression level increased and extended to
near-mature stage flowers. This suggests that DTA of AtAP1 not
only has a role in maintaining high expression levels compared
to the non-autoregulated paralog, but has a critical role in
sustaining the expression for an extended period. This study did
not directly test the role of AtAP1 DTA, its loss or acquisition, in
defining phenotype. However, direct evidence for acquisition or
loss of DTA on the evolution of a novel phenotype comes from
domesticated apples.

Malus domestica (domesticated apple) provides compelling
evidence for the importance of DTA on phenotypic outcomes
(Figure 2B). The color of fruit flesh in many domesticated apple
varieties ranges from white to red. Variation in fruit color is
regulated by the transcription factor MYB10, which upregulates
anthocyanin expression, especially cyanidin-3-galactoside
(Espley et al., 2007, 2009, 2013). Anthocyanin-regulating MYBs
have been reported from a wide variety of angiosperm species
(reviewed in Lin-Wang et al., 2010), including Malus (Espley
et al., 2009), Prunus (Starkeviè et al., 2015), Myrica (Niu et al.,
2010), Arabidopsis (Gonzalez et al., 2008), and Ipomoea (Mano
et al., 2007). Malus domestica has two alleles of MYB10 that
are identical in their coding sequences but differ in their
promoter sequences. Allele R1 promoter contains one MBY10
autoregulatory binding site, whereas allele R6 promoter contains
six repeats of the autoregulatory site (Espley et al., 2009). The
white-fleshed domestic apple varieties are homozygous for the
one-repeat R1 allele, whereas the red-fleshed varieties are R1/R6
heterozygotes or R6/R6 homozygotes, which leads to increased
anthocyanin production via DTA (Espley et al., 2009). It is not
clear which allele is ancestral in domesticated apples. Of the four
Malus species that contributed to the domesticated apple genome
(Cornille et al., 2014), M. sieversii can be either R6/R6 (Espley
et al., 2009; Lin-Wang et al., 2010) or R1/R6 (Espley et al., 2009;
van Nocker et al., 2012), and M. baccata is R1/R1 (van Nocker
et al., 2012). Of the other species in the genus Malus tested for
MYB10 promoter sequence, all but one have the R1/R1 genotype
(van Nocker et al., 2012).

Though it is not clear whether R1/R1 (white flesh) or R6/R6
(red flesh) is ancestral in the genus Malus, it is clear from
studies in domesticated apple that changes to fruit flesh color are
regulated by addition or loss of autoregulatory sites in the MYB10
promoter. The evidence from flesh coloration in apples suggests
an interesting possibility. Self-activating loops of DTA can serve
as easy modules for evolving elevated or reduced gene expression
levels. Such evolutionary shifts in gene expression have
potentially adaptive developmental consequences accompanied
by minimal pleiotropy. Genes, including transcription factors,
are often regulated by trans-activators that bind to the cis-
acting elements in the regulatory region of the target gene.
Theoretically, these target genes can be upregulated in three
ways: adding more cis-regulatory sites recognized by either the
existing or novel trans-activators, upregulating the expression of
the existing trans-activators, or acquiring new (or additional) self-
binding sites in the promoter region. Addition of cis-regulatory
sites recognized by trans-activators can be ineffective if the
expression level of the trans-activator is limiting. Additionally,
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increasing the expression level of the trans-activator can
have pleiotropic consequences. However, acquiring new (or
additional) cis-regulatory self-binding sites can lead to increased
expression of the target gene while bypassing the limitations
associated with trans-activation. Similarly, reduced expression
levels can evolve with minimal pleiotropic consequences through
the loss of existing autoregulatory sites.

The evidence from SOC1, AtAP1, and MYB10 provide
insight into why genes involved in defining novel phenotypes
are likely to undergo DTA. Autoregulatory loops can serve
as a quick developmental switch that can rapidly respond to
an inbound signal, they can provide high expression levels,
and extend that expression through consecutive developmental
events. Lastly, DTA can act as a module that can be used to evolve
increased or decreased expression with minimal pleiotropic
effect, allowing the evolution of novel phenotypes that require
such directional changes in protein levels. Quick evolutionary
shifts in developmental function of paralogs and divergent
alleles can therefore occur through gain or loss of DTA, most
likely through gain or amplification of self-binding sites in
cis-regulatory sequences of focal genes.

EVIDENCE FOR DTA IN FLOWER
SYMMETRY EVOLUTION

An emerging system for studying the role of DTA in both
development and evolution is flower symmetry. DTA has been
implicated in the control of monosymmetry (bilateral symmetry;
zygomorphy) (Yang et al., 2012), and may represent a critical step
for the evolution of this floral novelty. Monosymmetric flowers
are considered a key innovation defining flower form in many
species-rich flowering plant lineages including Lamiales, asterids,
legumes, and orchids (Sargent, 2004; Vamosi and Vamosi, 2010).
Therefore, assessing the role of DTA in the development of flower
monosymmetry may provide critical insights into patterns of
gene network modification that facilitate novel trait evolution.
Below, we review the genetic control of monosymmetry in
Lamiales alongside the evidence for DTA. We test for previously
unreported regulatory interactions in the Antirrhinum majus
flower symmetry program, as well as the potential for DTA in a
major radiation of taxa with primarily monosymmetric flowers,
the Lamiales. Lastly, we comment on possible wide-spread DTA
in repeated origins of monosymmetry across flowering plants.

Flowering plants are ancestrally polysymmetric (radially
symmetric; actinomorphic; Figure 3) (Sauquet et al.,
2017). Evolutionary shifts away from polysymmetry include
asymmetry (no axis of flower symmetry) and disymmetry (two
non-equivalent axes of flower symmetry), but monosymmetry
(a single axis of flower mirror-image symmetry; Figure 3) is by
far the most common form of non-radial symmetry in flowering
plants. Monosymmetric flowers have evolved at least 130 times
independently during flowering plant diversification (Reyes
et al., 2016). The role of floral symmetry in pollination was
recognized as early as 1793 by Sprengel in his monumental
German work Das entdeckte Geheimniss der Natur im Bau und
in der Befruchtung der Blumen (reviewed in Neal et al., 1998;

FIGURE 3 | Major types of flower symmetry shown with hypothetical flowers.
(A) Polysymmetric (radially symmetric, actinomorphic) flower.
(B) Monosymmetric (bilaterally symmetric, zygomorphic) flower.

Endress, 1999; Fenster et al., 2004, 2009). Monosymmetric
flowers are often associated with specialized pollination by
animals (Kampny, 1995; reviewed in Neal et al., 1998), rarely in
wind pollinated species (Yuan et al., 2009), and transitions to
monosymmetry are strongly associated with increased speciation
rates (Sargent, 2004; O’Meara et al., 2016).

The genetics of monosymmetry is best understood in the
model species A. majus (snapdragon, Lamiales). The flowers
of A. majus have two distinct morphological regions—the
dorsal (top; adaxial) side, and the ventral (bottom; abaxial) side
(Figure 4). Monosymmetry of A. majus flowers along the dorso-
ventral axis is defined by a competitive interaction involving TCP
and MYB transcription factors. TCP (TEOSINTE BRANCHED1,
CYCLOIDEA, and PROLIFERATING CELL FACTORS) and
MYB (first described from avian myeloblastosis virus) proteins
are found as large gene families in flowering plants (Yanhui
et al., 2006; Martín-Trillo and Cubas, 2010) and play diverse
roles in aspects of vegetative and reproductive developmental
patterning (Martín-Trillo and Cubas, 2010; Ambawat et al., 2013;

FIGURE 4 | Regulatory mechanisms involved in Antirrhinum majus flower
symmetry. Previously reported transcriptional regulation (red arrows),
transcriptional regulation predicted in this study (blue arrows), and previously
reported protein-protein interactions (dotted lines) are shown.
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Parapunova et al., 2014). The dorsal side of A. majus flowers
is defined by the combined action of two recently duplicated
TCP paralogs, CYCLOIDEA (AmCYC) and DICHOTOMA
(AmDICH) (Luo et al., 1996, 1999; Hileman and Baum, 2003;
Corley et al., 2005). These two transcription factors define dorsal
flower morphology partly by activating the transcription of
a downstream MYB protein, RADIALIS (AmRAD; Figure 4)
(Corley et al., 2005). AmRAD post-translationally negatively
regulates another MYB protein, DIVARICATA (AmDIV), which
defines ventral flower morphology. Through this negative
interaction, AmRAD excludes the ventral flower identity
specified by AmDIV from the dorsal side of the developing
A. majus flower (Figure 4). Specifically, AmRAD and AmDIV
compete for interaction with two MYB-family protein partners
called DIV and RAD Interacting Factors 1 and 2 (AmDRIF1 and
AmDRIF2) (Almeida et al., 1997; Galego and Almeida, 2002;
Corley et al., 2005; Raimundo et al., 2013). AmDIV requires
protein-protein interaction with AmDRIF1 or 2 to function as a
transcription factor and upregulate its own transcription, as well
as to regulate downstream targets (Figure 4) (Perez-Rodriguez
et al., 2005; Raimundo et al., 2013). In the dorsal flower domain,
AmRAD outcompetes AmDIV for interaction with AmDRIF1/2,
preventing accumulation of AmDIV protein (Raimundo et al.,
2013).

Because flower monosymmetry has evolved multiple times,
a considerable amount of effort has gone into testing whether
elements of the A. majus symmetry program function to specify
dorso-ventral differentiation in other flowering plant lineages.
Interestingly, all monosymmetric species tested at a molecular
level so far show evidence that a TCP-based regulatory network is
likely involved in differentiation along the dorso-ventral flower
axis. These studies span eudicot and monocot lineages and
primarily, but not exclusively, show a pattern of dorsal-specific
floral expression of TCP homologs (for example, Citerne et al.,
2003, 2010; Busch and Zachgo, 2007; Wang et al., 2008; Yuan
et al., 2009; Bartlett and Specht, 2011; Howarth et al., 2011;
Chapman et al., 2012; Preston and Hileman, 2012; Damerval
et al., 2013; and reviewed in Hileman, 2014). In core eudicots,
there are three lineages of CYCLOIDEA (CYC)-like TCP genes
resulting from two rounds of duplication near the origin of core
eudicots: the CYC1-, CYC2-, and CYC3-lineages (Howarth and
Donoghue, 2006; Citerne et al., 2013). AmCYC and AmDICH
belong to the CYC2-lineage, and in an interesting pattern, all
TCP genes implicated in floral monosymmetry in core eudicots
belong to the same CYC2-lineage (Howarth and Donoghue,
2006; Citerne et al., 2010; and reviewed in Hileman, 2014). How
these orthologous genes were recruited convergently during the
multiple evolutionary origins of floral monosymmetry, from an
as yet unclear function in species with ancestral polysymmetry,
remains an open question.

Detailed developmental studies in A. majus have
provided key insights into the regulatory interactions that
shape flower monosymmetry, and A. majus as a model
represents a species-rich lineage of flowering plants, Lamiales.
Monosymmetry evolved early in Lamiales diversification (Zhong
and Kellogg, 2015; Reyes et al., 2016), and developmental
genetic studies in additional Lamiales species provide further

insight into the regulatory network that shapes bilateral flower
symmetry across the entire lineage. Notably, detailed expression
and functional studies of CYC, RAD and DIV orthologs in
Gesneriaceae, a sister lineage to the bulk of Lamiales species
diversity, have contributed to a fuller understanding of regulatory
interactions that shape Lamiales flower monosymmetry (Citerne
et al., 2000; Smith et al., 2004; Gao et al., 2008; Zhou et al.,
2008; Yang et al., 2010, 2012; Liu et al., 2014a). From studies
in A. majus (Plantaginaceae) and Primulina heterotricha (syn.
Chirita heterotricha; Gesneriaceae), there is strong evidence
that at least two components of the flower symmetry network
undergo DTA–DIV and CYC (Figure 4).

As mentioned above, AmDIV forms heterodimers with
AmDRIF1 and 2 to specify ventral flower identity in A. majus
(Raimundo et al., 2013). AmDIV-AmDRIF dimers bind to
a consensus sequence that includes the conserved I-box
motif, 5′-GATAAG-3′ located 2596 bp upstream of the
AmDIV transcription start site (Raimundo et al., 2013),
providing compelling evidence that AmDIV is involved in an
autoregulatory loop. Autoregulation of DIV orthologs has not
been tested outside of A. majus. In P. heterotricha, peloric
(radialized) forms due to flower ventralization have reduced
expression levels of CYC orthologs, PhCYC1C and PhCYC1D
(Yang et al., 2012), presenting strong evidence that these two
genes define dorsal identity of monosymmetric P. heterotricha
flowers. Experimental evidence suggests that PhCYC1 and
PhCYC2 undergo DTA; PhCYC1 and PhCYC2 proteins bind
to the consensus TCP-binding sequence 5′-GGNCCC-3′ in the
putative promoter regions of both PhCYC1 and PhCYC2 (Yang
et al., 2010, 2012). Autoregulation of CYC orthologs has not been
tested outside of P. heterotricha.

These initial insights from A. majus and P. heterotricha lead
to a set of important evolutionary questions. Is autoregulation
of CYC orthologs conserved across Lamiales? And has a pattern
of autoregulation repeatedly evolved in CYC2-lineage orthologs
from lineages with independently derived monosymmetric
flowers? This second question is especially compelling given
that CYC2-lineage ortholog expression is expected to persist
from early through later stages of flower development in order
to specify asymmetric morphological differentiation along the
dorso-ventral floral axis in lineages with flower monosymmetry.

Methods: Evidence for DTA in Flower
Symmetry Evolution
Homolog Predictions and Phylogenetic Analyses
AmCYC, AmDICH, AmRAD, and AmDIV orthologs were
identified from published sources and online databases by
tBLASTx (Altschul et al., 1990). The gene names/identifiers and
sources are listed in Supplementary Tables 1, 2. Gene identifiers
are also included with terminal genes on the phylogenies
(Supplementary Figures 1, 2). A subset of included genes were
available as full-length coding sequences from public databases.
A subset of included genes were available as partial coding
sequences from public databases. For partial coding sequences
from species with available genome data, we predicted the
full-length coding sequences either manually by aligning to
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previously reported homologs, or by prediction with AUGUSTUS
(Stanke et al., 2004). A subset of included genes were identified
by BLAST (Altschul et al., 1990) from annotated genomes.
We predicted the coding sequences either manually or with
AUGUSTUS when our BLAST searches hit a region in a genome
where no or partial genes were predicted. For Mimulus lewisii
DIV and RAD homologs, we first BLAST searched the available
transcriptome and subsequently mapped the hits to the genome.
Two sets of sequences used here were not publicly available,
the genes from Ipomoea lacunosa whose genome sequence was
generously shared by Dr. Mark Rausher (Duke University), and
Mimulus guttatus RADlike1, which was shared by Dr. Jinshun
Zhong (University of Vermont; the sequence was reported in
Zhong et al., 2017).

We translationally aligned the coding sequences (omitting
the stop codon) of CYC-like genes using MAFFT v7.388
(Katoh et al., 2002) in Geneious 10.2.3 (Kearse et al.,
2012) with the following parameters: algorithm–auto, scoring
matrix–BLOSUM62, gap opening penalty–1.1, offset value–0.124.
The entire alignment was used for downstream phylogenetic
analyses. The CYC-like gene tree was estimated using a Bayesian
approach (Metropolis-coupled Markov chain Monte Carlo) in
MrBayes 3.2.6 (Ronquist et al., 2012) with uninformative priors
for 10 million generations on the online CIPRES portal at https:
//www.phylo.org (Miller et al., 2010). The core-eudicot CYC-like
tree was rooted with Rananculales CYC-like genes in FigTree1.

DIV- and RAD-like genes were translationally aligned using
an approach similar to CYC-like genes except for the following:
gap opening penalty–1.53, and offset value–0.123. We removed
the columns with 70% or more gaps from the alignment, and
from the subsequent file used only the conserved first MYBI
domain and nucleotides immediately 3′ to this domain. DIV- and
RAD-like gene trees were estimated using the same approach
as for CYC-like genes. Resulting DIV- and RAD-like trees were
mid-point rooted in FigTree1. For all sequences included in
our phylogenetic analyses, nexus format nucleotide alignment
along with the Bayesian parameter block, and the unaligned
coding sequences in fasta format available from the Dryad Digital
Repository: https://doi.org/10.5061/dryad.tv54037.

Consensus TCP and DIV-Binding Site Predictions
We downloaded up to 3 kb non-coding sequence upstream of
the transcription start sites of target Lamiales CYC, RAD, and
DIV homologs from corresponding genomes. We downloaded
up to 3 kb non-coding sequence upstream of the transcription
start sites of representative core eudicot CYC homologs from
corresponding genomes. All genomic sources are listed in
Supplementary Table 1. Within these sequences, we searched
for the consensus TCP-binding site 5′-GGNCCC-3′ (Kosugi and
Ohashi, 2002; Costa et al., 2005; Yang et al., 2012; Gao et al.,
2015) on both strands using Geneious 10.2.3 (Kearse et al., 2012).
In A. majus only, we searched for the consensus DIV-binding
site, 5′-[AGC]GATA[AC][GC][GAC]-3′ (Raimundo et al., 2013)
in 3 kb upstream non-coding sequences of the six genes known
to be involved in A. majus flower symmetry (Figure 4) using

1http://tree.bio.ed.ac.uk/software/figtree/

Geneious 10.2.3 (Kearse et al., 2012). To determine whether
the consensus TCP-binding sites found in the A. majus and
M. lewisii upstream CYC homolog sequences were derived from
other genomic locations, we used the predicted TCP-binding
sites, plus 100 bp on either side, as BLAST queries against the
available genomes in Geneious 10.2.3 (Kearse et al., 2012).

Analysis of Motif Enrichment
We tested for consensus TCP-binding site enrichment using
Analysis of Motif Enrichment (AME2; McLeay and Bailey, 2010).
AME can identify known or user-provided motifs that are
relatively enriched in a given set of sequences compared with
shuffled versions of those sequences or with user-provided
control sequences. AME does not discriminate among motifs
based on their locations within the sequences. The following
options were selected: sequence scoring method—average odds
score, motif enrichment test—rank sum test, and background
model—uniform model. We defined the consensus TCP-binding
site as 5′-GGNCCC-3′ (Kosugi and Ohashi, 2002; Costa et al.,
2005; Yang et al., 2012; Gao et al., 2015), and query sequences
as 3 kb upstream of transcription start sites of focal genes,
and used shuffled sequences as the control. The upstream
non-coding sequences are available in fasta format from
the Dryad Digital Repository: https://doi.org/10.5061/dryad.
tv54037.

Quantitative Reverse-Transcriptase PCR (rt-PCR)
Antirrhinum majus wild type (genotype JI 7) and divaricata
mutants (genotype JI 13) were acquired from John Innes Centre,
United Kingdom, under USDA Permit No. P37-16-01034. Five
flower buds of the same developmental stage (stage-11, flower
bud ca. 4.0 mm in length, corolla equal in length to calyx, petal
tips white in wild type; Vincent and Coen, 2004) were sampled
from each genotype. RNA was extracted using RNeasy plant
minikit (Qiagen, Germantown, MD, United States), followed by
DNase treatment (TURBOTM DNase, Thermo Fisher Scientific,
Waltham, MA, United States), and cDNA synthesis (iScript
cDNA Synthesis Kit, Bio-Rad, Hercules, CA, United States).
Quantitative rt-PCR was performed on a StepOnePlusTM

Real-Time PCR System (Thermo Fisher Scientific) using
SYBRTM Select Master Mix (Thermo Fisher Scientific).
Quantitative rt-PCR was carried out for three technical
replicates for each of five biological replicates per genotype.
Expression was normalized against UBIQUITIN5. This gene
has been reported to have little transcriptional variation across
tissue types and developmental stages (Preston and Hileman,
2010). Expression was analyzed by the 11Ct method. Significant
differences in relative expression between genotypes were
determined using two sample t-test assuming equal variances
in Minitab. The quantitative rt-PCR primers were as follows:
AmDRIF1_RT_F4: GCCTTGGATCAAATTTCGGC; AmDR
IF1_RT_R4: AGGAAGAATGGAGCTGGCAA; AmDRIF2_
RT_F1a: AATGGTCATGGAGAGTGGGG; AmDRIF2_RT_R1:
TATAGCTTGCTCCTCTGGGG; AmUBQ5_qPCR_F1: GCGC
AAGAAGAAGACCTACAC; AmUBQ5_qPCR_R1: CTTCC

2http://meme-suite.org/tools/ame
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TGAGCCTCTGCACTT. Efficiency of PCR was determined
using DART (Peirson et al., 2003).

Results: Evidence for DTA in Flower
Symmetry Evolution
Predicted TCP- and DIV-Binding Sites in A. majus Are
Consistent With Known and Hypothesized
Transcriptional Regulation
In A. majus, we found consensus TCP-binding sites in four of
the six genes known to be involved in A. majus flower symmetry
(Figure 4 and Table 1). AmCYC and AmDICH had eight and
four predicted TCP-binding sites in their upstream non-coding
sequences, respectively, and likely regulate their own and each
other’s expression. Notably, AmCYC DTA has been hypothesized
previously (Costa et al., 2005), and the presence of predicted
autoregulatory sites in AmCYC and AmDICH is consistent
with the putative auto and cross-regulation of P. heterotricha
PhCYC1C and PhCYC1D (Yang et al., 2012). AmRAD, known
to be positively regulated by AmCYC and AmDICH (Corley
et al., 2005; Costa et al., 2005), had two predicted consensus
TCP-binding sites in its upstream non-coding sequence. AmDIV
and AmDRIF2 did not have predicted TCP-binding sites in their
upstream non-coding sequences, consistent with evidence that
they are unlikely to be under direct transcriptional regulation
by AmCYC, AmDICH, or any other more distantly related TCP
transcription factors.

Consensus TCP-binding sites (plus 100 bp flanking sequence
from either side) initially identified in the upstream non-coding
sequences of AmCYC and AmDICH were used to search for
similar sites elsewhere in the A. majus genome. These searches

TABLE 1 | Predicted consensus TCP-binding sites in the upstream non-coding
sequences of A. majus flower symmetry genes.

Gene Sequence DNA strand bp upstream of
transcription start

AmCYC GGGCCC Sense 2454–2457

GGGCCC Sense 544–549

GGGCCC Anti-sense 544–549

GGGCCC Anti-sense 2452–2457

GGCCCC Sense 2451–2456

GGCCCC Sense 2292–2297

GGCCCC Sense 543–548

GGCCCC Anti-sense 2453–2458

AmDICH GGGCCC Sense 1170–1175

GGGCCC Anti-sense 1170–1175

GGCCCC Sense 965–970

GGCCCC Anti-sense 1171–1176

AmRAD Costa
et al., 2005

GGCCCC Sense 1521–1526

GGCCCC Sense 1489–1494

AmDRIF1 GGTCCC Anti-sense 2394–2399

Bases in bold indicate conservation in the consensus binding site. AmDIV
and AmDRIF2 lack consensus TCP-binding sites in their upstream non-coding
sequences. Costa et al. (2005) reported TCP-binding sites for AmRAD and
suggested the presence of autoregulatory sites in the non-coding sequence
upstream of AmCYC.

resulted in only self-hits to AmCYC and AmDICH upstream
non-coding sequences or cross-paralog matches between
AmCYC and AmDICH. This result suggests that these
sites evolved de novo and not through translocation of
existing sites from elsewhere in the genome. Similarly, our
search for consensus TCP-binding sites from M. lewisii
CYC2-lineage genes in the M. lewisii genome resulted in only
self-hits.

We identified two consensus DIV-binding sites in the
AmDIV upstream non-coding sequence (Table 2), one of
which was previously implicated by Raimundo et al. (2013)
in AmDIV DTA. AmCYC, AmRAD, AmDRIF1 and AmDRIF2,
but not AmDICH, also had predicted DIV-binding sites
in their upstream non-coding sequences (Table 2). It is
unlikely that the predicted DIV-binding sites in the upstream
non-coding sequences of AmCYC or AmRAD function for
AmDIV binding. This is because AmDIV function is impaired
in the presence of AmRAD proteins through competitive
inhibition.

Expression Analyses Suggest Additional
Autoregulation of DIV in A. majus
Given the presence of predicted DIV-binding sites in AmDRIF1
and AmDRIF2 upstream non-coding sequences (Table 2),
we tested whether AmDRIF1 and/or AmDRIF2 expression is
significantly altered in the A. majus div mutant background
compared to wild type. We found that AmDRIF1, despite
having multiple DIV consensus binding sites in its upstream
region, was not under either direct or indirect regulation by
AmDIV (p = 0.453; Figure 5A). AmDRIF1 may be regulated
by a non-DIV MYB transcription factor(s) that binds to the
consensus DIV-binding motif. On the other hand, we found
significantly lower levels of AmDRIF2 expression in div mutant
flower buds compared to wild type (p = 0.031; Figure 5B). This
suggests that AmDRIF2 is either directly or indirectly positively
regulated by AmDIV. In turn, AmDIV is positively regulated
by AmDRIF2-AmDIV heterodimers (Raimundo et al., 2013).

TABLE 2 | Predicted consensus DIV-binding sites in the upstream non-coding
sequences of A. majus flower symmetry genes.

Gene Sequence DNA strand bp upstream of
transcription start

AmCYC AGATAAGG Anti-sense 329–336

AmRAD AGATAACA Anti-sense 798–805

GGATAACG Anti-sense 1051–1058

CGATAAGA Anti-sense 2843–2850

AmDIV Raimundo
et al., 2013

AGATAAGG Sense 2595–2602

CGATACCC Sense 1557–1564

AmDRIF1 GGATACGG Sense 711–718

AGATAAGG Sense 242–249

AGATAAGC Anti-sense 505–512

AmDRIF2 AGATAACC Anti-sense 1892–1899

Bases in bold indicate conservation in the consensus binding site. AmDICH lacks
consensus DIV-binding sites in upstream non-coding sequences. One of two
consensus DIV-binding sites in AmDIV was reported by Raimundo et al. (2013).
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FIGURE 5 | Relative expression of AmDRIF1 (A) and AmDRIF2 (B) in wild type and divaricata mutant lines. The expression level of AmDRIF2 is significantly lower in
the div background suggesting that AmDIV positively regulates AmDRIF2 transcription. The values are mean ± standard deviation.

Therefore, AmDIV appears to experience both direct and ITA
through interaction of AmDIV cis-regulatory sequences with
AmDRIF2-AmDIV heterodimers.

Putative TCP-Binding Sites Are Enriched in Upstream
Non-coding Sequences of Lamiales CYC2-Lineage
Genes
While no CYC2-lineage gene outside P. heterotricha has been
experimentally tested for DTA, it is possible to infer the
potential for DTA by screening for the consensus TCP-binding
site, 5′-GGNCCC-3′ (Kosugi and Ohashi, 2002; Yang et al.,
2012; Gao et al., 2015), in putative cis-regulatory regions of
Lamiales CYC2-lineage genes. Given that flower monosymmetry
is homologous in P. heterotricha and A. majus, evolving
early in the diversification of Lamiales (Zhong and Kellogg,
2015; Reyes et al., 2016), a straight-forward hypothesis is that
CYC2-lineage DTA evolved early in Lamiales and has been
retained in Lamiales lineages with monosymmetric flowers.
Under this hypothesis, Lamiales with flower monosymmetry will
retain consensus TCP-binding site(s) in putative CYC2-lineage
cis-regulatory sequences. The availability of multiple Lamiales
genomes (Supplementary Table 1) allowed us to begin testing
the hypothesis that autoregulation is potentially conserved across
Lamiales CYC orthologs.

We identified orthologs of AmCYC/AmDICH (CYC2-lineage
genes) from genome-sequenced Lamiales plus representative core
eudicots (Supplementary Figure 1 and Table 1). We identified
orthologs of AmRAD and AmDIV from genome-sequenced
Lamiales plus representative orthologs from sister lineages to
Lamiales, Gentianales, and Solanales (Supplementary Figure 2
and Table 2). As with P. heterotricha and A. majus, recent
duplication events lead to paralog complexity for CYC2-lineage
genes (Supplementary Figure 1). We found that at least one
CYC2-lineage gene from each core eudicot species had consensus
TCP-binding sites(s) in the upstream non-coding sequence
(Supplementary Tables 3, 4), with two exceptions. The only
CYC2-lineage genes in Vitis vinifera (Vitales), CYCLOIDEA-like
2a, and Gossypium raimondii (Malvales), TCP1, had no

consensus TCP-binding sites in their upstream non-coding
sequences.

We found consensus TCP-binding sites in the upstream
non-coding sequences of CYC2-lineage genes in a wide variety of
core eudicots with flowers with mono-, poly-, and dissymmetry
(Supplementary Tables 3, 4). However, prima facia, the
CYC2-lineage orthologs from Lamiales appeared to be enriched
for consensus TCP-binding sites. We tested for enrichment
of consensus TCP-binding sites in the non-coding sequences
upstream of Lamiales CYC2-lineage genes. Additionally, we
tested the upstream non-coding sequences of non-Lamiales
core-eudicot CYC2-lineage genes, and Lamiales RAD and DIV
orthologs for enrichment in consensus TCP-binding sites.
We predict that RAD orthologs may show enrichment of
the consensus TCP-binding site due to conserved regulation
of RAD by CYC-like transcription factors across Lamiales,
but that Lamiales DIV orthologs are not likely to be
enriched for the consensus TCP-binding site given that
there is no previous data indicating regulation of DIV
orthologs by CYC-like transcription factors or other TCP
proteins.

As expected, we found that the upstream non-coding
sequences of Lamiales DIV orthologs were not significantly
enriched for the consensus TCP-binding sites (p = 0.517;
Table 3), and that the upstream non-coding sequences of
Lamiales RAD orthologs were significantly enriched for the
consensus TCP-binding site (p = 0.0406; Table 3). This result
is consistent with CYC-like transcription factors acting as
regulators of RAD, but not DIV across Lamiales. Strikingly, we
found that the upstream non-coding sequences of CYC2-lineage
genes in Lamiales were significantly enriched in consensus
TCP-binding sites (p = 0.0169; Table 3) in-line with the
hypothesis that CYC autoregulation evolved early in Lamiales,
coincident with the evolution of monosymmetric flower, and has
been maintained during Lamiales diversification. Notably, this
pattern of enrichment appears specific to Lamiales. We tested
for similar enrichment of the consensus TCP-binding site in
non-Lamiales core eudicot CYC2-lineage orthologs and found
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TABLE 3 | Results from analysis of motif enrichment (AME) tests for consensus TCP-binding sites in the upstream non-coding sequences of symmetry gene orthologs.

Test sequences (putative cis-regulatory regions) Control sequences p-Value Genes
surveyed

Species
surveyed

Lamiales DIV orthologs Shuffled test sequences 0.517 15 9

Lamiales RAD orthologs Shuffled test sequences 0.0406 33 9

Lamiales CYC2 orthologs Shuffled test sequences 0.0169 20 9

Non-Lamiales core eudicot CYC2 orthologs Shuffled test sequences 0.352 39 17

Significant p-values (below 0.05) are in bold.

no evidence for a similar pattern of binding site enrichment
(p = 0.352; Table 3).

DISCUSSION

Binding Site Enrichment Supports the
Hypothesis That DTA of CYC Is
Associated With the Origin of Flower
Monosymmetry in Lamiales
Positive regulation of RAD by CYC2-lineage genes for specifying
flower monosymmetry is conserved across much of Lamiales
(Corley et al., 2005; Zhou et al., 2008; Su et al., 2017). That we
find significant enrichment of consensus TCP-binding sites in
Lamiales RAD upstream non-coding sequences is in-line with
conservation of this CYC-RAD regulatory module. Strikingly,
our data demonstrate that Lamiales CYC2-lineage genes are
also significantly enriched for consensus TCP-binding sites in
upstream non-coding sequences. This supports the hypothesis
that the origin of Lamiales flower monosymmetry coincides with
the evolution of CYC2-lineage DTA. Further empirical studies in
emerging Lamiales models (e.g., Liu et al., 2014b; Su et al., 2017)
will allow this hypothesis to be tested, as well as the alternative,
that CYC2-lineage genes undergo transcriptional regulation by
other TCP family proteins. As additional eudicot genomes
become available, tests for TCP-binding site enrichment can be
carried out in other lineages with bilaterally symmetrical flowers
for which a role of CYC2-lineage genes has been implicated,
for example, Fabaceae (Wang et al., 2008; Xu et al., 2013) and
Malpighiaceae (Zhang et al., 2010).

Evaluating the Pan-Eudicot Model for
Monosymmetry Involving DTA of
CYC2-Lineage Genes
A model hypothesizing the role of DTA for the parallel origin
of monosymmetric flowers across eudicots was put forward
by Yang et al. (2012; Figure 6) based on two primary lines
of evidence. First, the observed differences in duration of
flower specific expression of CYC2-lineage genes between species
with monosymmetric vs. non-monosymmetric flowers. Second,
the reported absence of consensus TCP-binding sites in the
upstream non-coding sequences of CYC2-lineage genes from
non-monosymmetric flowers. Specifically, Arabidopsis thaliana,
Brassica rapa, Vitis vinifera, and Solanum lycopersicum do
not have monosymmetric flowers and were reported to lack

consensus TCP-binding sites in their CYC2-lineage genes
compared to Glycine max, Medicago trunculata, Mimulus
guttatus, Primulina heterotricha, Oryza sativa, and Zea mays
(representing three independent origins of monosymmetry) that
have consensus TCP-binding sites (Yang et al., 2012).

This model relies heavily on observations from Arabidopsis
flowers where the expression of the sole CYC2-lineage gene
(AtTCP1) is transiently dorsal-specific and the flowers are
non-monosymmetric (Cubas et al., 2001). It is clear that AtTCP1
does not play a critical role in floral organ differentiation
in Arabidopsis, given no floral-specific DTA or other means
by which expression can persist to later stages of flower
differentiation. However, the pattern in Arabidopsis may not
be universal for non-monosymmetric flowers. Closely related
monosymmetric and non-monosymmetric Brassicaceae flowers
do not exhibit a consistent pattern of early dorsal-specific
expression (Busch et al., 2012). Evidence from Brassicaceae
suggests that Arabidopsis-like dorsal-restricted expression early
in flower development is not a pre-requisite for the evolution
of flower monosymmetry via DTA. Beyond Brassicaceae, there
are examples of ancestrally non-monosymmetric flowers in
core-eudicots where expression of CYC2-lineage genes is not
localized spatially and/or restricted to an early developmental
stage. These examples include Bergia texana (Elatinaceae)
(Zhang et al., 2010), Viburnum plicatum (Adoxaceae) (Howarth
et al., 2011), and Solanum lycoperscicum (Solanaceae, ancestral
state ambiguous) (Parapunova et al., 2014), as well as an
early-diverging eudicot, Eschscholzia californica (Papaveraceae)
(Kölsch and Gleissberg, 2006).

Yang et al. (2012) reported a correlation between flower
monosymmetry vs. non-monosymmetry and the presence
vs. absence of consensus TCP-binding sites in corresponding
upstream non-coding sequences of CYC2-lineage genes. This
contributed to the model for the origin of flower monosymmetry
facilitated by the evolution of CYC2-lineage DTA. In our
expanded sampling we find that consensus TCP-binding
sites are present in the upstream non-coding sequences of
many CYC2-lineage genes across eudicots irrespective of
flower symmetry. Yet, in an interesting pattern, all species
with independently derived monosymmetric flowers that
we investigated (Fabales, Lamiales, Brassicales, Asterales)
have at least one CYC2-lineage ortholog with a consensus
TCP-binding sequence in the upstream non-coding sequences
(Supplementary Tables 3, 4). On the other hand, many
species with non-monosymmetric flowers also have at least one
CYC2-lineage ortholog with a consensus TCP-binding sequence
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FIGURE 6 | A previously proposed model explaining flower symmetry in Primulina heterotricha and Arabidopsis. (A) CYC2-lineage genes are expressed in early
stage flower primordia of both Arabidopsis (dorsal part) and P. heterotricha (apical part). (B) Expression in P. heterotricha continues by DTA to later stages crucial for
defining flower monosymmetry, this is not the case in Arabidopsis. (C) At anthesis, P. heterotricha is monosymmetric, Arabidopsis is not.

in their upstream non-coding sequences (Supplementary
Tables 3, 4). Notably, we find that the sole CYC2-lineage gene
in Arabidopsis (AtTCP1), and a second CYC2-lineage gene in
tomato that was not included in Yang et al. (2012), Solanum
lycopersicum TCP26 (Solyc03g045030.1), have consensus
TCP-binding sites in their upstream non-coding sequences
(Supplementary Table 4).

AtTCP1 binds to all combinations of the consensus sequence
5′-GGNCCC-3′ in vitro, and flanking regions have limited
significance in this interaction (Gao et al., 2015). In vivo, AtTCP1
can directly bind to the two TCP-binding sites located in the
regulatory region of the a downstream gene DWARF4 (Gao et al.,
2015). This suggests that the Arabidopsis TCP1 transcription
factor can likely bind to the predicted TCP-binding site in its own
upstream non-coding sequence, and hence possibly undergoes
DTA. AtTCP1 is expressed and is functional across the shoot
organs throughout development, from seedlings to inflorescences
(Koyama et al., 2010). This persistent expression is consistent
with it having a predicted autoregulatory site. Expression surveys
employing in situ mRNA hybridization (Cubas et al., 2001) and
AtTCP1 promoter fused to a β-glucuronidase (GUS) construct
(Koyama et al., 2010) did not detect AtTCP1 expression in later
stages of flower development. It is interesting that the expression
of a gene that is widely expressed in and controls development of
many different organs is specifically downregulated in flowers. It
is possible that AtTCP1 is negatively regulated during late stages
of Arabidopsis flower development, or continues to be expressed
in flowers but a level that can only be detected by more sensitive
methods, like quantitative rt-PCR.

Predicted CYC2-lineage autoregulatory sites are strongly
associated with monosymmetry supporting the potential
importance for DTA in establishing high and continuous
asymmetric expression through later stages of flower organ
differentiation (Figure 6). However, this pattern is not

exclusive: CYC2-lineage orthologs from many species lacking
monosymmetry also have predicted TCP-binding sites. This may
be autoregulation for alternative developmental pathways, or
regulation of CYC2-lineage genes by upstream TCP activators.
At this point, experimental tests of TCP gene autoregulation are
too sparse to draw solid conclusions regarding the role of DTA
in independent origins of flower monosymmetry across core
eudicots.

Origin and Evolution of Autoregulatory
Sites in DTA
Any cis-regulatory site can evolve by two primary processes,
de novo by mutation and/or recombination in ancestral
non-regulatory sequences, or by duplication of existing
regulatory sites from a different location in the genome.
Both have been reported in the origin of cis-regulatory sites
involved in DTA. For example, the CArG-box sites involved
in Arabidopsis AP1 autoregulation discussed earlier evolved by
substitutions in the ancestral sequence that likely had a weak
affinity for AP1 (Ye et al., 2016). Once evolved, these sites can
undergo duplications, as reported in the apple MYB10 gene that
controls fruit flesh color (Espley et al., 2009; van Nocker et al.,
2012).

How did the predicted autoregulatory sites in CYC2-lineage
genes originate? We did not detect consensus TCP-binding
sites with accompanying flanking sequences elsewhere in the
A. majus or M. lewisii genomes. This suggests that these predicted
autoregulatory sites evolved in situ and are not a result of
duplication from a different part of the genome, i.e., similar to
the origin of the autoregulatory sites in Arabidopsis AP1 (Ye
et al., 2016). However, multiple consensus TCP-binding sites
are present within single A. majus and M. lewisii CYC2-lineage
genes. To further test whether these multiple TCP-binding sites
within a single putative regulatory region evolved by local,
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intra-genic duplication, as in the case of MYB10 promoter in
apples (Espley et al., 2009; van Nocker et al., 2012), we aligned
all A. majus and M. lewisii consensus TCP-binding sites, along
with 100 bp flanking on either side, from within single upstream
non-coding regions. We found no evidence that any of the
predicted TCP-binding sites are derived from tandem duplication
within CYC regulatory regions, again suggesting that multiple
binding sites evolved de novo.

Chicken or Egg: Novel Function or DTA
First?
We have discussed potential roles of DTA in development,
but how does DTA itself evolve? Autoregulation is common
among genes positioned upstream in genetic regulatory networks
with crucial developmental functions (discussed in Crews and
Pearson, 2009; Hoot et al., 2010; specifically tested in yeasts
and hepatocytes by Pasqualucci et al., 2003; Odom et al.,
2006; Hervay et al., 2011; Tao et al., 2012). This observed
pattern leads to an interesting chicken or egg conundrum.
Which evolves first in genes recruited to new developmental
functions: the novel function, or the autoregulation? Two
scenarios can explain the observed pattern that crucial genes
are often autoregulated. (1) DTA evolves first, and such genes
are recruited for new functions that require extended stable
expression. Or, (2) New function evolves first, and such genes,
under selective pressure to provide extended stable expression,
evolve DTA.

Evidence supporting scenario 2 is found in the Arabidopsis
AtAP1 example. This A-class floral homeotic gene in Brassicaceae
underwent a duplication that generated the paralogs AP1
and CAL gene lineages (Wang et al., 2012). AtAP1 defines
sepals in Arabidopsis thaliana, but this function has not been
reported elsewhere, and is likely an innovation in the genus
Arabidopsis (Huijser et al., 1992; Lowman and Purugganan,
1999; Shepard and Purugganan, 2002; Litt, 2007; Ruokolainen
et al., 2010). Except for the AP1 paralog in Arabidopsis species,
no Brassicaceae AP1/CAL gene tested to date undergoes DTA
(Ye et al., 2016). And, as described above, DTA is an integral
component of AtAP1 A-class function in flower development.
Further, while the AP1 orthologs of two Arabidopsis species
have CArG-box in their cis-regulatory region that allows them
to undergo DTA, other Brassicaceae species have CArG-box-like
sequences with mismatches in the homologous gene region.
In one such homolog, Capsella rubella AP1, the binding
affinity of the mismatched CArG-box-like sequence was tested
and can only weakly bind to AP1 protein. Hence, Capsella
rubella AP1 is likely not autoregulated (Ye et al., 2016). This
suggests that the autoregulation of Arabidopsis AP1 evolved
either after or during, but not before, its recruitment to A-class
function.

A major unanswered question that will clarify the origin
of DTA in Arabidopsis AP1 is whether its orthologs have
similar functions in other Brassicaceae species. It is challenging
to identify the ancestral state of autoregulation for any gene
primarily for two reasons: there has been little functional work
outside the model species, and predictive surveys are limited

because genomes sequencing has been biased toward lineages
with those model species. As plant sciences expands away from
models systems (Poaceae, Brassicaceae, and Solanaceae), a wider
phylogenetic sampling will facilitate reconstruction of ancestral
molecular interactions.

CONCLUSION

The origins and evolution of autoregulation will likely remain
elusive until extensive experimental evidence emerges from
multiple plant (and animal) lineages that inform ancestral
and derived roles for autoregulation in development. It is,
however, not surprising that a large number of transcription
factors involved in defining crucial or novel phenotypes
undergo DTA, as this form of regulation is expected to both
enhance and stabilize gene expression patterns critical for
developmental patterning. We find evidence for enrichment
of self-binding sites in Lamiales CYC2-lineages genes. This
enrichment may reflect evolution of a novel pattern of DTA
early in Lamiales diversification, coincident with the origin
of a key morphological innovation, floral monosymmetry.
It is likely that the putative autoregulatory binding sites
associated with Lamiales CYC2-lineages genes evolved via de
novo mutations. Whether DTA is conserved across Lamiales
awaits further experimental evidence, as does the hypothesis
that independent origins of flower monosymmetry may
be associated with the evolution of positive transcriptional
autoregulation.
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There is a vast amount of fruit morphological diversity in terms of their texture, the
number of carpels, if those carpels are fused or not and how fruits open to disperse
the seeds. Arabidopsis thaliana, a model eudicot, has a dry bicarpellate silique, when
the fruit matures, the two valves fall apart through the dehiscence zone leaving the seeds
attached to the remaining medial tissue, called the replum. Proper replum development
in A. thaliana is mediated by REPLUMLESS (RPL), a TALE Homeodomain protein. RPL
represses the valve margin genetic program and the downstream dehiscence zone
formation in the medial tissue of the siliques and RPL orthologs have conserved roles
across the Brassicaceae eudicots. A RPL homolog, qSH1, has been studied in rice,
a monocot, and plays a role in fruit shedding making it difficult to predict functional
evolution of this gene lineage across angiosperms. Although RPL orthologs have been
identified across all angiosperms, expression and functional analyses are scarce. In
order to fill the phylogenetic gap between the Brassicaceae and monocots we have
characterized the expression patterns of RPL homologs in two poppies with different
fruit types, Bocconia frutescens with operculate valvate dehiscence and a persistent
medial tissue, similar to a replum, and Papaver somniferum, a poppy with persistent
medial tissue in between the multicarpellate gynoecia. We found that RPL homologs in
Papaveraceae have broad expression patterns during plant development; in the shoot
apical meristem, during flowering transition and in many floral organs, especially the
carpels. These patterns are similar to those of RPL in A. thaliana. However, our results
suggest that RPL does not have conserved roles in the maintenance of medial persistent
tissues of fruits but may be involved with establishing the putative dehiscence zone in
dry poppy fruits.

Keywords: basal eudicots, Bocconia frutescens, fruit development, Papaveraceae, Papaver somniferum,
REPLUMLESS, replum

INTRODUCTION

The Arabidopsis thaliana (Arabidopsis) gynoecium is composed of two congenitally fused carpels,
which after fertilization develop into a dry dehiscent fruit, known as a silique. This fruit is formed
by two valves, which during dehiscence, separate from the replum by the tension created against the
rigid lignified layer (Roeder and Yanofsky, 2006). The replum was originally described as the tissue
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where the seeds remain attached after the two valves fall apart
but is now described as only the outer or abaxial portion and
does not include the inner septum (Ferrandiz et al., 1999; Alvarez
and Smyth, 2002). The gene regulatory network involved in
Arabidopsis fruit development has been extensively described
(Ferrandiz et al., 1999; Ripoll et al., 2011; Reyes-Olalde et al.,
2013; Chávez-Montes et al., 2015). One of the genes involved in
proper replum development is REPLUMLESS (RPL; Roeder et al.,
2003). RPL belongs to the TALE class of Homeodomain proteins
with a TALE motif within the triple helix of the Homeodomain
(HD) but are characterized from other TALE-HD proteins by a
ZIBEL motif (Bürglin, 1997; Becker et al., 2002; Kumar et al.,
2007; Mukherjee et al., 2009). Comprehensive analyses of RPL
related sequences have found that these TALE proteins are closely
related to the BELL proteins (Mukherjee et al., 2009), therefore
they are also called BELL-like Homeodomain proteins (BLH;
Chan et al., 1998; Becker et al., 2002; Roeder et al., 2003; Hake
et al., 2004). RPL has broad expression patterns during A. thaliana
development, with the highest expression levels detected in the
stems, and in the replum beginning early in floral development
(Byrne et al., 2003; Roeder et al., 2003; Dinneny et al., 2005;
Kanrar et al., 2006; Yu et al., 2009; Avino et al., 2012; Khan et al.,
2012, 2015; Chung et al., 2013; Arnaud and Pautot, 2014; Andrés
et al., 2015). The rpl mutant, as the name suggests is defective in
replum development in the fruit, however, mutants of this gene
also have vegetative defects (Roeder et al., 2003). rpl (also known
as pennywise, bellringer, and vaamana) shows partial loss of
apical dominance, shorter plants and defects in phyllotaxy (Byrne
et al., 2003; Roeder et al., 2003; Smith and Hake, 2003; Bhatt
et al., 2004). RPL maintains meristem identity by maintaining
cell proliferation and repressing lateral organ boundary genes
such as BLADE-ON-PETIOLE1/2 (Khan et al., 2015). Moreover,
during late fruit development RPL is restricted to the replum and
negatively regulates SHATERPROOF, a MADS-box gene involved
in the specification of the dehiscence zone (Roeder et al., 2003;
Kramer et al., 2004; Fourquin and Ferrandiz, 2012). Meanwhile,
RPL is also directly repressed by APETALA2 (AP2), a protein
that belongs to the AP2/ERF transcription factor family which
is upstream of the entire fruit developmental network (Ripoll
et al., 2011). RPL restricts valve and valve margin development
and therefore is indirectly involved in proper replum formation
(Alonso-Cantabrana et al., 2007).

REPLUMLESS orthologs have been identified across all
angiosperms and are the result of a duplication event before
angiosperm diversification that also gave rise to its sister clade
POUND FOOLISH (PNF; Pabón-Mora et al., 2014). However,
expression and functional studies are scarce outside Arabidopsis.
In Lepidium species, also in the Brassicaceae, RPL expression is
found only in leaves, at the tip of the inflorescence meristem
and in developing flowers while absent from older flowers or
in fruits (Mühlhausen et al., 2013). In Oryza sativa (rice), RPL
appears to be one of the genes involved in its domestication.
At maturity, wild rice disperses the fruit with the seed inside
to guarantee propagation while, in domesticated rice the fruit
remains attached to the plant to make harvest easy and increase
production (Lin et al., 2007; Arnaud et al., 2011; Meyer and
Purugganan, 2013). The domesticated rice phenotype is the

result of a mutation in the promoter of Seed Shattering in
Chromosome 1 (qSH1, the RPL homolog in rice) which controls
the formation of the abscission layer at the base of the sterile bract
(Konishi et al., 2006; Lin et al., 2007; Gasser and Simon, 2011).
Available functional data suggest that RPL genes play different
roles in Brassicaceae and monocots during flower and fruit
development thus, comparative data is needed in order to assess
their expression and functional evolution across angiosperms.

Here, we investigate the expression patterns of RPL homologs
in the Papaveraceae, as they are members of the basal eudicots
and exhibit different strategies for seed dispersal. Using fruit
diversity within this family is key to understanding the
mechanisms involved in defining the medial zone in different
dry dehiscent fruit morphologies. Fruit diversity in Papaveraceae
includes dry dehiscent fruits with poricidal capsules with pores
coinciding with locule number as in Papaver (Sárkány and Szalay,
1964; Roth, 1977; Gunn, 1980; Kapoor, 1995) (Figures 1A,B),
schizocarps as in Platystemon (Figure 1C), pores that extend
basipetally leaving “baskets” full of seeds, as in Argemone
(Figure 1D), fruits with complete longitudinal dehiscence with
a remaining septum as in Eschscholzia (Becker et al., 2005)
(Figure 1F) or in Dicentra (Figure 1G) and fruits with opercular
dehiscence where the two valves, derived from the two carpels,
fall apart from a remaining ring-like commissural tissue where
the seed remains attached as in Bocconia (Zumajo-Cardona et al.,
2017) (Figure 1E). The type of fruit dehiscence found in Bocconia
resembles the dehiscence of the Arabidopsis fruit.

The fact that some species within Papaveraceae (i.e., B.
frutescens) resemble the Arabidopsis silique, will allow us to
understand if the same genetic network has been co-opted at
different evolutionary points for similar types of fruit. In addition,
the Papaveraceae belong to the order Ranunculales, which form
a well-supported clade placed as the sister group to the core
eudicots (Kim et al., 2004; Angiosperm Phylogeny Group, 2016)
and therefore, occupy a key phylogenetic position outside of the
well studied core eudicots and monocots (Drea et al., 2007). Here,
we describe the expression patterns of RPL homologs in two
poppies: P. somniferum and B. frutescens in order to assess the
putative role of RPL genes in different fruit types in basal eudicots.
This in turn will help us understand the shifts that the RPL gene
lineage has undergone during angiosperm evolution.

MATERIALS AND METHODS

Gene Homolog Searches and
Phylogenetic Analysis
We performed BLASTN targeted searches in previously
assembled transcriptomes of Bocconia frutescens (Papaveraceae)
(Arango-Ocampo et al., 2016; Zumajo-Cardona et al., 2017),
using as query sequences those previously reported for other
Papaveraceae RPL homologs [i.e., Papaver somniferum RPL
(KKCW-2001151, OneKP) and Sanguinaria canadensis RPL
(XHKT-2009137, OneKP; Pabón-Mora et al., 2014)] as well as
the Arabidopsis thaliana sequence (AT5G02030).

To assess the phylogenetic position of the Bocconia frutescens
homologs, we included BofrRPL1, 2 and 3 in a matrix consisting
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FIGURE 1 | The relationships of selected Papaveraceae with representatives from the four subfamilies: Papaveroideae, Chelidonioideae, Eschscholzioideae, and
Fumarioideae. Pictures of representative species illustrate the flower and fruit morphological diversity within the family. Poricidal capsules in (A) Papaver rhoeas and
(B) Papaver somniferum. Note that P. somniferum cv. Persian White (to the right in B) lacks pores. Capsules that separate into mericarps in (C) Platystemon
californicus. Longitudinally dehiscent capsules in, (D) Argemone mexicana, (F) Eschscholzia californica and (G) Dicentra eximia. Capsules with opercular dehiscence
in (E) Bocconia frutescens.

of selected RPL homologs from all major plant groups, based on
the sampling done by Pabón-Mora et al. (2014). Additionally,
we extended the sampling particularly in basal eudicots from
the plant transcriptome repositories of the oneKP database1 and
PhytoMetaSyn2.

1https://sites.google.com/a/ualberta.ca/onekp/
2https://bioinformatics.tugraz.at/phytometasyn/

A total of 117 sequences from all major angiosperm groups
were compiled and edited manually to exclusively keep the
open reading frame for all transcripts using AliView (Larsson,
2014). Nucleotide sequences were subsequently aligned using
the online version of MAFFT3 (Katoh et al., 2002) with a
gap open penalty of 3.0, offset value of 0.5, and all other

3https://mafft.cbrc.jp/alignment/server/
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default settings. The resulting alignment was refined manually
using AliView. Maximum Likelihood (ML) phylogenetic analysis
using the complete nucleotide alignment of all homologs was
performed through the CIPRES Science Gateway (Miller et al.,
2010) with RaxML-HPC2 BlackBox (Stamatakis et al., 2008).
Three PNF sequences from A. thaliana, A. lyrata and C. rubella
(Brassicaceae) were used as the outgroup (Supplementary
Table S1). Trees were observed and edited using FigTree v
1.4.34. Newly isolated sequences from our Aristolochia fimbriata
and B. frutescens transcriptomes are available under GenBank
numbers MK057522 – MK057526. To detect conserved motifs,
28 complete protein sequences from Ranunculales were selected.
The sequences were permanently translated and uploaded to the
online MEME suite5 (Bailey et al., 2006) and run using all the
default options set to find 20 motifs.

Carpel and Fruit Morphology and
Anatomy
P. somniferum seeds were germinated in a growth chamber under
controlled conditions with 15 h of light and a relative humidity
of 60%. After germination, plants were grown to maturity under
the same conditions. Flowers in preanthesis, anthesis and fruits
at several developmental stages were collected and fixed in
formaldehyde-acetic acid–ethanol (FAA; 3.7% formaldehyde: 5%
glacial acetic acid: 50% ethanol). B. frutescens was collected in
the field (voucher: Colombia, Antioquia, Medellín, Las Palmas,
Envigado, sobre la via principal, Km 12 retorno No. 10. May 2015,
C. Zumajo-Cardona and N. Pabón-Mora 03) and immediately
fixed in FAA. The material was dehydrated through an alcohol-
histochoice series and embedded in Paraplast X-tra (Fisher
Healthcare, Houston, TX, United States). The samples were
sectioned at 10 µm with a MICROM HM355 (Fisher Scientific,
Pittsburgh, PA, United States) rotary microtome. Sections
were stained with Johansen’s safranin, to identify lignification
and presence of cuticle, and 0.5% Astra Blue (Kraus et al.,
1998) and mounted in Permount (Fisher Scientific, Pittsburgh,
PA, United States). Sections were viewed on a Zeiss optical
microscope and digitally photographed with a Nikon DXM1200C
digital camera and ACT-1 software. In addition, comparative
morphological analyses between the Papaveraceae fruits was done
based on fresh material as shown in Figure 1.

In situ Hybridization Expression Analyses
P. somniferum and B. frutescens vegetative apices, inflorescences,
floral buds and fruits at different developmental stages were
collected, fixed in cold FAA and processed similarly as
described above for anatomy samples. Paraplast X-tra embedded
samples were maintained at 4◦C until use. Samples were
sectioned with a rotary microtome (Microm HM3555) at
8 µm. DNA templates for RNA probe synthesis were obtained
by PCR amplification of 300–370 bp fragments. To ensure
specificity, the probe templates were designed to amplify the 3′
sequence flanking the Homeodomain (Supplementary Table S2
and Supplementary Figure S1). Fragments were cleaned

4http://tree.bio.ed.ac.uk/software/figtree/
5http://meme-suite.org/

using QIAquick PCR purification Kit (Qiagen, Valencia, CA,
United States). Digoxigenin labeled RNA probes were prepared
using T7 RNA polymerase (Roche, Switzerland), RNAse inhibitor
RNasin (New England Biolabs, Ipswich, MA, United States)
and RNA labeling-mix (Roche, Switzerland) according to
the manufacturer’s protocol. RNA in situ hybridization was
performed according to Ambrose et al. (2000). There are
a minimum of three replicates and up to nine for each
probe and each developmental stage within each species.
In situ hybridized sections were subsequently dehydrated and
permanently mounted in Permount (Fisher, Waltham, MA,
United States). All sections were digitally photographed using a
Zeiss Axioplan microscope equipped with a Nikon DXM1200C
digital camera.

RESULTS

REPLUMLESS Gene Evolution
To reconstruct the RPL gene lineage evolution, we used the
complete coding sequence of 117 homologs from all major
angiosperm groups (Supplementary Table S1). The sister clade
POUNDFOOLISH (Pabón-Mora et al., 2014) was used as the
outgroup. Maximum Likelihood analysis recovered independent
duplication events before the diversification of Poaceae
(BS = 100) and Solanaceae (BS = 100) as has been previously
reported (Figure 2) (Pabón-Mora et al., 2014; Ortíz-Ramírez
et al., 2018). Here, we recovered an additional duplication likely
predating the diversification of Ranunculales (basal eudicots).
We have named the two resulting clades as RanRPL1 and
RanRPL2 (Figure 2). However, it is unclear if the duplication
occurred before or after the radiation of Eupteleaceae, as there is
a single RPL sequence from Euptelea pleiosperma in the RanRPL1
clade. In addition, the RanRPL1 clade includes Papaveraceae
sequences and a single sequence of Menispermaceae (BS = 90)
(Figure 2). The RanRPL2 clade (BS = 93) includes Papaveraceae,
Berberidaceae, Menispermaceae, and Ranunculaceae sequences.
Multiple RPL sequences were identified for Tinospora cordifolia
(Menispermaceae), Hydrastis canadensis, Nigella sativa and
Xanthorhiza simplicissima (Ranunculaceae; Figure 2) but the
topology does not allow us to determine if these sequences
are the result of an additional duplication event predating
Menispermaceae and Ranunculaceae. Finally, taxon-specific
duplications in the RPL clade have occurred multiple times,
usually associated with recent whole genome duplication (WGD)
events as in the case of Bocconia frutescens, Glycine max, Malus
domestica, Papaver bracteatum, Theobroma cacao, and Tinospora
cordifolia (Figure 2) (Davie, 1935; Sugiura, 1940; Schmutz et al.,
2010; Argout et al., 2011; Jain and Prasad, 2014; Panchy et al.,
2016).

All of the RPL proteins included in the phylogenetic analysis
contained the Homeodomain, the BELL domain as well as
the SKY and ZIBEL motifs already characterized as highly
conserved across RPL homologs (Figure 3) (Mukherjee et al.,
2009; Pabón-Mora et al., 2014). The ZIBEL motif can be found
before the SKY motif (i.e., BofrRPL1, 2, and 3, ChmaRPL2,
PsomRPL), or after the Homeodomain (i.e., GlflRPL1, SacaRPL,
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FIGURE 2 | Maximum Likelihood analysis for the RPL gene lineage in angiosperms with expanded sampling in basal eudicots using three PNF sequences from
A. thaliana, A. lyrata and C. rubella (Brassicaceae) as an outgroup. Bootstrap values, larger than 60 are shown at nodes. Two clades were identified for Ranunculales
(basal eudicots), RanRPL1 and RanRPL2. Yellow stars indicate two large-scale duplication events, the first one in the Poaceae (Pabón-Mora et al., 2014) and the
second one previous to the diversification of the Solanaceae (Ortíz-Ramírez et al., 2018).

CaseRPL; Figure 3). Additionally, we identified 14 new motifs
that are highly conserved within basal eudicots (Supplementary
Figure S2). Nine of these motifs (Motifs 9-14, 16, 17, and 20)
are lacking in the Ranunculaceae and Menispermaceae protein
sequences: HycaRPL, NisaRPL1/2/3, XasiRPL2, CimuRPL3,

TicoRPL4, and AqcoRPL, (Figure 3). These differences may
explain the long branch formed in the RanRPL2 clade and
suggest a relaxed negative selection (Figure 2). Interestingly,
the MEME analysis found that located before the BELL domain
is motif 10, FVDQDC/SCLMESSEDRLDCSDDQDEHHHWR

Frontiers in Plant Science | www.frontiersin.org December 2018 | Volume 9 | Article 1833225

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01833 December 10, 2018 Time: 14:0 # 6

Zumajo-Cardona et al. Expression of REPLUMLESS in Poppies

FIGURE 3 | (A) Conserved motifs across the Ranunculales RPL proteins identified through a MEME analysis. Each conserved motif is represented by a colored box
numbered at the top. Gray lines represent unique sequences. (B) Sequences of the conserved motifs previously identified for the RPL proteins such as the BELL
domain, Homeodomain, SKY motif and ZIBEL motif. The Three Amino acid Loop Extension (TALE) in the Homeodomain is underlined.
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(Supplementary Figure S2), which is rich in negatively charged
and hydrophobic amino acids and is exclusively found in Papaver
sequences (Figure 3).

Bocconia frutescens Flower and Fruit
Development
To better hypothesize the role of RPL homologs in basal eudicots,
we examined their expression throughout the 11 flower and fruit
developmental stages of Bocconia frutescens (Papaveraceae) that
have been previously defined (Zumajo-Cardona et al., 2017).
In addition, we provide anatomical details during later stages
of fruit development. Briefly, the determinate inflorescences of
Bocconia frutescens L., has numerous apetalous flowers that
develop basipetally (Figure 4A). All flowers are composed of
two sepals, a single whorl of homeotic stamens replacing petals,
two- three whorls of true stamens and a bicarpellate gynoecium
(Figures 1E, 4A) (Arango-Ocampo et al., 2016). The two sepal
primordia initiate at stage 2, followed by the initiation of the first
whorl of homeotic stamens during stage 3 (Figure 4A). At stage
4, all the staminal whorls are formed, usually 2 to 3 (Figure 4A).
The two carpels start developing during stage 5, so that by
stage 6 the two carpels overtop the single ovule (Figure 4A).
During stage 7, the apical region of the carpel differentiates
forming the style and stigmas with each carpel composed of 8–
10 cell layers. At stage 7, the carpels meet in a commissural
ring-like tissue and four main vascular traces are apparent; one
in each carpel and one in each of the commissural rings and
the cells of the commissural rings are not as densely stained.
Also during stage 7, the inner integument of the ovule begins
to develop (Figure 4B). During floral developmental stages 8–
9, three main proximo-distal zones differentiate: the gynophore,
the ovary and the style (Figures 4C,D). The style rapidly extends
and is topped with two massive papillate stigmas (Figure 4D).
At stage 8, the ovary wall is composed of 12 cell layers and a 4–
5 cell separation layer, between the carpels and the commissural
ring, becomes distinct (Figure 4C). Also at stage 8, the ovule
is developing with the inner integument covering the nucellus
while the outer integument is still elongating (Figure 4E). At
stage 9 (Figures 4D,F,G), the two integuments completely cover
the single anatropous ovule, forming what is going to be the
seed coat; the ovary walls are formed by 12–15 cell layers of
parenchymatous tissue (Figures 4D,F,G), with three vascular
bundles (one central and two lateral) vascular bundles in each
carpel and a vascular bundle in the commissural ring, as in stage 8
(Figure 4E). As detailed fruit developmental stages have not been
described, here, we provide cross sections of the fruits at distinct
stages (Figures 4H–J). After pollination, the two carpels become
the two valves. The number of vascular bundles in the valves
and the commissural ring remains the same (Figure 4H). During
the first stage of fruit development, stage 10 (Figure 4H), the
12–15 cells forming the pericarp become more compressed and
can be further distinguished into the exocarp with a single cell
layer of rectangular tightly packed cells, covered by a thin cuticle,
the mesocarp formed by larger isodiametric parenchymatous
cells with three vascular bundles, and the endocarp formed by
smaller cells than the exocarp. The separation layers between

the valves and the persistent commissural ring are composed of
2–3 cell layers of densely stained cells. The commissural ring
is wedge-shaped, formed by parenchymatous tissue with one
vascular bundle (Figure 4H). Also during this stage the seed
is fed by a vascular bundle and it is possible to differentiate
the endosperm and the seed coat which develops from the
two integuments, the three inner layers of the seed coat arise
from the inner integument and the 6–8 outer layers from the
outer integument (Figures 4F,G,I). During stage 11 of fruit
development, (Figures 4I,J), the pericarp becomes differentiated
into an exocarp of radially elongated and enlarged cells, a
mesocarp formed by 6–7 of tangentially elongated cells and, an
endocarp with 3–4 layers of very small flat cells (Figure 4I).
The epidermal cells of the commissural ring are different from
the exocarp of the valves; cells in the commissural ring are
smaller (Figure 4I). When the fruit ripens as stage 12 the two
valves fall off leaving only the seed attached to the commissural
ring (see Bocconia fruit, Figure 1E). The base of the seed is
covered with a red aril that originates from the funiculus after
fertilization; during the ripening of the seed it does not form part
of the seed coat as it develops a distinctive coloring and texture
(Figures 4I,J). The aril in Bocconia serves to attract birds since the
brilliant red color of it contrasts with the black testa (see Bocconia
fruit, Figure 1E). Arils occur on seeds of many tropical species.
Interestingly, Bocconia is the only neo-tropical genus from the
Papaveraceae and the only one within the family that has an aril.

Expression of RPL Bocconia frutescens
Homologs (BofrRPL1/2/3)
We evaluated the expression patterns of the three REPLUMLESS
paralogs (BofrRPL1/2/3) in B. frutescens with specific
probes designed for each one (Supplementary Table S2
and Supplementary Figure S1). Our results show different
expression patterns for the three Bocconia frutescens RPL
homologs. BofrRPL1 expression was not detected in the
vegetative meristem, young leaves (Figure 5A) or during the
initiation of floral organ primordia at stages 3–6 (Figures 5B–
E). Low levels of BofrRPL1 expression are detected at the
sepal tips, specifically in the vascular traces during stages 4–5
(Figures 5D,E). Expression of BofrRPL1 is stronger later in
flower development, at stage 6 when the two carpels overtop
the single ovule, where BofrRPL1 is detected in the sepal tips,
stamens, both in the anthers and the filaments, the adaxial
side of the carpels and in the tip of the nucellus during ovule
elongation prior to integument initiation (Figure 5F). During
stages 7 and 8 when differentiation of the style and stigma occur,
BofrRPL1 expression is maintained in the sepal tips, the stamens,
the adaxial region of each style and stigma toward the medial
region where fusion will occur, and the ovule (Figures 5F,G).
However, in the fully differentiated gynoecium, after syncarpy,
BofrRPL1 becomes restricted to the proximal region of the long
styles specifically toward their adaxial epidermis where fusion
has occurred (Figure 5H). At this stage, expression of BofrRPL1
was also found in the vasculature at the base of the flower
(Figures 5G,H). During the transition to fruit development,
between stages 9–10, BofrRPL1 is expressed in the 3–4 cell layers
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FIGURE 4 | Anatomy of B. frutescens flowers and fruits. (A) Longitudinal section of an inflorescence with flowers at different stages (S): S3, S4, and S6. Stages
follow Zumajo-Cardona et al. (2017). (B) Cross-section of a carpel at S6. (C) Longitudinal section of a flower at S8. (D) Longitudinal section of the gynoecium at S9,
showing the three main proximo-distal zones: gynophore, ovary, and style with the two stigmas at the apex. (E) Cross-section of a flower at S8. (F) Close-up
longitudinal section of an ovary at S9. (G) Cross-section of the ovary at S9. (H) Cross-section of a young fruit at S10 and the seed. (I) Cross-section of a fruit at S11
showing fruit layers: exocarp, mesocarp and endocarp. (J) Longitudinal section of the seed coat and aril. Black arrowheads indicate the separation layer, ar, aril; b,
bract; c, carpel; cr, commissural ring (persistent medial tissue); e, endocarp; en, endosperm; ex, exocarp; fr, fruit wall; gy, gynophore; ii, inner integument; m,
mesocarp; n, nucleus; o, ovule; oi, outer integument; ov, ovary; s, sepal; sc, seed coat; se, seed; st, stamen; sy, style; v, valve. Scale bars: 100 µm (B,I–J),
200 µm (D), 250 µm (H), 0.2 mm (E), 0.5 mm (A,C,F,G).

between the valves and the commissural ring that will form the
dehiscence zone in the mature fruits (Figures 5I,J). BofrRPL1 is
also expressed in the vascular bundle that feeds the commissural
ring as well as in the three vascular bundles found in each valve
(Figures 5I,J).

Unlike BofrRPL1, BofrRPL2 is detected in early vegetative
and floral development. BofrRPL2 is found during vegetative
development on the adaxial side of the leaf primordia where
it is maintained during leaf growth (Figure 6A). During
early flower development, between stages 3–6, BofrRPL2

is expressed in the sepals, particularly at their tips, in
stamen and carpel primordia (Figure 6B), as well as in the
ovule primordium (Figures 6C–E). During stages 7–9, the
expression of BofrRPL2 decreases dramatically, nevertheless it
is still detected in the sepal tips, the anthers, the adaxial
side of the carpels where the styles will fuse and the
tips of the ovule where the two integuments will develop
(Figures 6F–H). During fruit development at stages 10–11,
BofrRPL2 expression is found in cell layers between the valves
and the commissural ring, the region that will correspond to
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FIGURE 5 | Expression of BofrRPL1 by in situ hybridization in longitudinal (A–H) and cross-sections (I,J) of developing shoots, flowers, and fruits. (A) BofrRPL1
expression is not detected in the shoot apical meristem, (B) floral bud in stage 3, (C–E) or floral stages 4-6. (F) BofrRPL1 expression is first detected at floral stage 7
in stamens, carpels, and ovule. (G,H) At stage 8 BofrRPL1 is restricted to the region where the two stigmas fuse floral. (I,J) BofrRPL1 expression becomes restricted
during fruit development and is detected in the dehiscence zone. Black arrows indicate the dehiscence zones, b, bract; c, carpel; cr, commissural ring; gy,
gynophore; l, leaf; o, ovule; s, sepal; sam, shoot apical meristem; se, seed; st, stamen; sy, style; v, valve. Scale bars: 50 µm (A–C) 100 µm (D), 0.1 mm (E–H),
0.2 mm (I), 500 µm (J).

the dehiscence zone during fruit ripening, as well as in the seed
(Figures 6I,J).

The expression of BofrRPL3 is similar to BofrRPL2 in regard
to its early expression in vegetative and floral development.
BofrRPL3 expression is detected during vegetative development
in the shoot apical meristem, in the leaf primordia as well as in

the procambium and the vascular traces feeding the young leaves.
It is also expressed in the adaxial region of more mature leaves
(Figure 7A). The expression of BofrRPL3 during early floral
development (stages 3–6) is more similar to the expression found
for BofrRPL2 than to BofrRPL1, as it is strongly expressed in the
sepal tips, the stamen and carpel primordia and during ovule

Frontiers in Plant Science | www.frontiersin.org December 2018 | Volume 9 | Article 1833229

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01833 December 10, 2018 Time: 14:0 # 10

Zumajo-Cardona et al. Expression of REPLUMLESS in Poppies

FIGURE 6 | Expression analyses of BofrRPL2 by in situ hybridization in longitudinal (A–H) and cross-sections (I,J) of developing shoots, flowers, and fruits.
(A) BofrRPL2 expression is detected in the adaxial side of leaf primordia and in more mature leaves. (B–F) BofrRPL2 expression is detected in floral stages 3–7 in
stamen and carpel primordia. (C–E) These expression patterns are maintained from stages 4 to 6, where BofrRPL2 is also expressed in the ovule primordia. (F) At
stage 7 the expression in the ovule is restricted to the initiation of the integuments. (G) BofrRPL2 expression is only detected in the style and integument primordia
during floral stages 8–9. (I–J) BofrRPL2 expression is restricted to the dehiscence zone during fruit development. Black arrowheads indicate integument primordia,
Black arrows indicate the dehiscence zones of the fruit, b, bract; c, carpel; cr, commissural ring; f, funiculus; gy, gynophore; l, leaf; o, ovule; s, sepal; sam, shoot
apical meristem; sc, seed coat; se, seed; st, stamen; sy, style; v, valve. Scale bars: 50 µm (A), 100 µm (B–E), 0.1 mm (H), 0.2 mm (F,G,I,J).

initiation (Figures 7B–D). Later during flower development, at
stage 7, the expression of BofrRPL3 is strongly maintained in
the stamens and in the growing tips of the two carpels that fuse
to each other enclosing the ovule (Figure 7E). During carpel
development at stages 8–9, BofrRPL3 is found in the sporogenous

tissue of the anthers, toward the adaxial surface of each elongating
style, at the tip of the ovule and in the vasculature of the
receptacle (Figures 7F–H). BofrRPL3 is expressed throughout
ovule development (Figures 7D–H). During fruit development
at stage 10, BofrRPL3 expression is detected in the 3–4 cell layers
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of the separation layer between the valves and the commissural
ring as well as in the carpel wall (Figures 7I,J). However, this
expression is not maintained in the mature fruits at stage 11,
where BofrRPL3 is only restricted to the aril (Figure 7K). In fact,
it is the only paralog showing this expression pattern and likely
reflects neofunctionalization (Figures 5–7).

Papaver somniferum Carpel and Fruit
Development
Our descriptions of the expression analyses for PsomRPL in
Papaver somniferum follow those of Drea et al. (2007) where
stages P3, P5, P7, and P8 were defined (hereafter referred
to without the P) and Becker et al. (2005), but include a
number of previously undescribed developmental stages. We
defined floral and fruit developmental stages based on the
following developmental landmarks (Supplementary Table S3
and Figure 8). At stage 1, the floral meristem can be distinguished
and the sepal primordia are initiating (Figure 8A). Stage 2 is
defined by petal initiation. By stage 3 (Drea et al., 2007), stamen
and carpel primordia initiate, and the sepals enclose the floral bud
(Figure 8B). Stage 4 is defined by the elongation of the multiple
carpels. At stage 5 (Drea et al., 2007), the filament of the stamen is
distinguishable from the anther and the multiple carpels forming
the gynoecium are well differentiated (Figure 8C). At stage 6,
the carpels start to fuse (Figure 8D). During stage 7 (Drea
et al., 2007), the petals grow and fill the space bounded by
the two sepals and in the multicarpellate gynoecium, the ovules
initiate on the carpel walls to give parietal placentation, and
the stigmatic lobes begin to differentiate (Figure 8E). During
stage 8 (Drea et al., 2007), the pedicel of the preanthetic flower
undergoes asymmetric growth; the floral buds become pendant
right before anthesis and then extend upright when the flower
opens in the subsequent stage. Also during stage 8, the fully
fused stigmatic tips develop the characteristic upright papillae
crowning the distal portion of the gynoecium. The carpel wall is
formed by a 11–12 cell layer at this stage (Figure 8F) and remains
the same at anthesis corresponding to stage 9 (Figure 8G).
Stage 10 is defined by post-fertilization development; the lobes
of the stigmas fuse to each other at the tip as a result of
residual meristematic activity (Figure 8H), forming a crown-
like stigmatic ring (Figure 8I). The fruit wall is formed of
14–18 cell layers, where the exocarp, mesocarp and endocarp
are formed of parenchyma cells with small intercellular spaces
(Figure 8I). There are multiple vascular bundles in the fruit
wall but each carpel has a massive vascular bundle that can
be distinguished at the position where the placenta is formed
(Figure 8I). At stage 11, the fruit is mature and the fruit
wall becomes more compressed with 12–14 cell layers apparent
(Figures 8J–L). The apical stigmatic ring is formed of 6–8 cell
layers and later during fruit maturation each of the stigmatic
rays will produce tension outward antagonizing the poricidal
dehiscence zones in each locule (Figures 8K,L). In the poppy
variety used in this study, P. somniferum cv. Persian White, the
fruit does not open leaving the seeds enclosed. Therefore, we
will refer here to the dehiscence layer between the fruit wall and
the persistent stigmatic ring as a putative separation layer. The

putative separation layer is formed of approximately two cell
layers between the stigmatic ring and the fruit wall in each of
the locules (Figure 8K). Laticifers can be found throughout the
pericarp (Figures 8H–L). Fruit dehiscence in wild P. somniferum
occurs by pores (stage 12), where tension occurs apically below
the stigmatic ring and in between the central vascular bundles
holding the parietal placenta and the fruit wall in each of the
locules leaving only apical pores (Figures 1A,B) (Roth, 1977).
The number of pores formed in the pericarp corresponds to
the number of locules in the fruit. When the fruit is completely
lignified, the rays of stigmas bend outward, these separate along
the separation layer between two vascular carpellary central
bundles.

Expression of a RPL Homolog in Papaver
somniferum
To better understand the role of RPL in Papaveraceae, we
analyzed the expression of the single RPL homolog identified
in Papaver somniferum (PsomRPL). PsomRPL expression is
detected during vegetative development in the stem as well
as in the shoot apical meristem and the adaxial region of
the emerging leaves (Figure 9A). The expression in the floral
vascular bundles is maintained throughout floral development
between stages 1–9 (Figures 9B–I). PsomRPL expression is first
detected in the flower at stage 3, where it is found at the tip
of the sepals enclosing the floral bud (Figures 9C,D). During
stage 5, PsomRPL is expressed in the petal primordia, the
stamens as well as in the growing tips of the carpel primordia
(Figure 9E). At stage 6, PsomRPL is expressed in between the
floral organs where their proximal portions connect with the
receptacle, as well as in the growing petals, stamens and the
carpels (Figure 9F). Later during stage 7, the expression in
the stamens is restricted to the filament (Figure 9G) as well
as to the carpel wall. PsomRPL expression is also detected at
the junction of each floral organ on the floral receptacle and
is maintained during stages 7 and 8 (Figures 9G,H). At stage
8 PsomRPL is also expressed in the sporogenous tissue of the
anthers and the developing ovules (Figure 9H). At stage 9,
PsomRPL is differentially expressed in the carpel; it is detected
in the region where the carpels fuse, in the extending parietal
placentas, and in the endocarp and mesocarp (Figures 9I,J).
Later, in the young fruit, PsomRPL is expressed in the cells
that constitute a putative separation layer between the fruit
wall and the stigmas (Figure 9K), in the vascular bundles,
the placenta, the epidermis of the fruit wall, and the laticifers
(Figures 9L–N).

DISCUSSION

Very little is known about the fruit developmental network
outside the Brassicaceae. RPL, particularly, has been described for
its function in the proper development of the replum, tissue that
is only found in the Brassicaceae fruits (Alvarez and Smyth, 2002;
Roeder et al., 2003). Although RPL does not specify replum
identity directly, it is a repressor of valve margin and valve
identity as specified by SHATTERPROOF, INDEHISCENT and
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FIGURE 7 | Expression of BofrRPL3 by in situ hybridization of longitudinal (A–H) and cross-sections (I–K) of developing flowers and fruits. (A) BofrRPL3 expression
is first detected in the apex of the shoot apical meristem, in leaf primordia and in the adaxial side of more developed leaves. (B–F) BofrRPL3 expression is detected
in floral stages 2–7. (B) BofrRPL3 expression is detected in the stamen and carpel primordia as they emerge and (C) as the two carpel primordia begin to elongate.
(D–H) BofrRPL3 expression persists in stamens, in carpels as they elongate and is also detected throughout ovule development up until floral stages 8–9. (I)
BofrRPL3 expression is detected in the gynoecium at S9 between the valves and the comissural ring. (J) BofrRPL3 expression becomes restricted to the epidermis
during fruit development. (K) BofrRPL3 expression is restricted to the aril during seed development. Black arrows indicate the dehiscence zones. ar, aril; b, bract; c,
carpel; cr, commissural ring; l, leaf; o, ovule; sam, shoot apical meristem; s, sepal; se, seed; st, stamen; sy, style; v, valve. Scale bars: 50 µm (A,K), 100 µm (B–D),
0.1 mm (F–I), 0.2 mm (E,J).

FRUITFULL (Roeder et al., 2003; Girin et al., 2009). In addition,
RPL has pleiotropic roles in Arabidopsis development including
meristem identity, inflorescence, and fruit development as
indicated by its many synonyms: BELLRINGER, PENNYWISE,
and VAAMANA to name a few (Byrne et al., 2003; Smith and
Hake, 2003; Bhatt et al., 2004; Hake et al., 2004). The function
of RPL orthologs in other angiosperms is only known from
the monocot crop species, rice. In rice, it is involved in fruit
shedding, and therefore is one of the genes involved in its
domestication (Konishi et al., 2006; Arnaud et al., 2011). More
recently, expression analyses in selected species of Solanaceae
have shown similar expression patterns during flower and fruit
development as in Arabidopsis suggesting conserved roles
(Ortíz-Ramírez et al., 2018). Expression and functional data

available for RPL genes are not sufficient to assess their
functional evolution across angiosperms. Due to limited
functional studies in non-model, non-core eudicots, expression
analyses provide a solid base to better predict the functional
evolution of this gene lineage. Here, we discuss the expression
patterns of RPL homologs in two basal eudicots, Bocconia
frutescens and Papaver somniferum (Papaveraceae) whose
phylogenetic position is crucial to understanding the functional
differences observed between rice (monocots) and core
eudicot RPL genes; additionally, the two species selected
in this study present dry dehiscent fruits with different
mechanisms for seed dispersal allowing comparative analyses
of RPL contribution to opercular and poricidal dehiscence
(Kadereit, 1993).
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FIGURE 8 | Flower and fruit developmental stages of Papaver somniferum. (A) Floral bud in stage 1 during sepal initiation. (B) Floral bud in stage 3 when petals,
stamens and carpel primordia can be distinguished. (C) Floral bud in stage 5 with the initiation of a multicarpellate gynoecium and the filament of the stamens.
(D) Floral buds in stage 6 with the carpels overtopping the multiple ovules. (E) Flowers at stage 7 when the initiation of the stigmatic region occurs and the ovules
develop by parietal placentation are clearly distinguished. (F) Gynoecium in pre-anthesis, stage 8. (G) Carpel of a flower in anthesis, the lobules of the stigmas start
to elongate. (H) Apical region of a young fruit. The tip of the fruit is shown to the right. (I) Cross-section of a young fruit showing the apical region with papillose
stigma and the fruit wall. (J) Cross section through the mid region of a more mature fruit (K) Close-up of the crowning stigmatic ring, showing the putative separation
layer between the styles and the fruit wall. (L) Cross section across the apex of the fruit showing the crowning stigmatic ring. Asterisks indicate stigmas, Black
arrowheads indicate the putative dehiscence region of the fruit, c, carpel; e, endocarp; fb, floral bud; fw, fruit wall; m, mesocarp; p, petal; pl, placenta; s, sepal; se,
seed; st, stamen. Scale bars: 50 µm (A–E), 250 µm (F–H,J–L), 500 µm (I).
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FIGURE 9 | Expression analyses of PsomRPL by in situ hybridization. Longitudinal (A–L,N) and cross-sections (L–N) of developing shoots, flowers, and fruits.
(A) PsomRPL expression is detected in the shoot apical meristem, the adaxial region of the leaf primordia and the stem. (B) No expression is detected in the floral
bud at stage 1. (C,D) During stage 3, PsomRPL is expressed in the sepal tips. (E–G) At floral stage 5–7, PsomRPL expression is detected in the petal, stamen, and
carpel primordia. (H) During pre-anthesis expression becomes restricted to the ovules and on the receptacle in between the fusion of the floral organs. (I,J) At
stages 9–10, RPL is expressed in the style and where the stigmas will form and in the placenta. (K–N) In young fruits, PsomRPL expression is detected in the
vascular bundles, the putative separation layer and the apical region where all the carpels fuse. Asterisk stigma, Black arrows point to the apical region where the
carpels fuse, Black arrowheads point to the putative separation layer of the fruit, c, carpel; cl, cauline leaf; fb, floral bud; fw, fruit wall; p, petal; pl, placenta; s, sepal;
se, seed; st, stamen. Scale bars: 50 µm (B–F,K,L–N), 100 µm (A,G), 200 µm (H), 500 µm (I), 0.2 mm (J).
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There Are Two RPL Clades Within
Ranunculales: RanRPL1 and RanRPL2
According to previous studies RPL genes have evolved with
the radiation of angiosperms as the result of a duplication
event predating angiosperm diversification resulting in the RPL
clade and its sister clade POUNDFOOLISH (PNF; Pabón-Mora
et al., 2014) (Figure 2). RPL are predominantly single copy
genes in angiosperms with few exceptions, particularly in taxa
corresponding to recent polyploids, such as Bocconia frutescens,
Glycine max, Malus domestica, Papaver bracteatum, Theobroma
cacao, and Tinospora cordifolia (Figure 2) and in members of
the Solanaceae and Poales, where independent duplications
have been found coinciding with known ancient WGD events
(Jiao et al., 2011; D’Hont et al., 2012; Pabón-Mora et al., 2014;
Ortíz-Ramírez et al., 2018). We performed an exhaustive search
in publicly available databases for RPL homologs from basal
eudicots and we were able to retrieve sequences from all families
within Ranunculales. Here, we report an additional duplication,
previously unidentified, likely predating the diversification of
Ranunculales, resulting in two clades: RanRPL1 and RanRPL2
(BS = 94). However, only one gene of Euptelea pleiosperma
was found nested in the RanRPL1 clade so it is likely that the
duplication event occurred before the radiation of Eupteleaceae
but the paralog in the RanRPL2 clade has not yet been identified
(Figure 2). In addition, the two clades vary in terms of the plant
groups with representative RPL sequences in each. RanRPL1
only includes sequences of Eupteleaceae, Menispermaceae,
and Papaveraceae while RanRPL2 includes Berberidaceae,
Menispermaceae, Papaveraceae, and Ranunculaceae sequences
(Figure 2). These differences indicate that some RPL sequences
were not retrieved even after extensive searches in available
transcriptomes (for instance in the case of Eschscholzia
californica). This can be due to (1) RPL gene expression in
tissues or organs different from which the transcriptomes were
generated in a case by case scenario, (2) low expression of
RPL copies resulting in low depth and coverage of contigs that
remain undetected in the assemblies available (20M), or (3)
true gene losses that are harder to assess until more genomes
become available. In fact, although we were able to identify
two RPL copies in Aquilegia coerulea (Ranunculaceae), the only
basal eudicot with the genome sequenced, no Ranunculaceae
sequences were retrieved for the RanRPL1 clade suggesting that
this clade has been lost at least in Ranunculaceae. In addition,
these two clades differ in substitution rates and this becomes
evident with the long branch formed in the phylogenetic analysis
which includes most of the Ranunculaceae and Menispermaceae
sequences (BS = 92; Figure 2).

An examination of the conserved domains across basal
eudicots (Figure 3), showed the previously identified
domains in RPL homologs: the Homeodomain near the
C-terminus, (Figure 3B), and the MEINOX INTERACTING
DOMAIN (MID) near the N terminus. The MID domain is
composed of the SKY and BELL-domains (Hake et al., 2004;
Hay and Tsiantis, 2009; Mukherjee et al., 2009). We found
that the BELL-domain is conserved in basal eudicots but
the SKY motif can be replaced sometimes by SRF (Motif 5,

Figures 3A,B) similar to previous results (Pabón-Mora et al.,
2014). The location of the ZIBEL motif has been previously
found to occur both before the BELL domain and after the
Homeodomain (Mukherjee et al., 2009). For the basal eudicot
sequences analyzed here, we were able to find the ZIBEL motif
(Motif 6 according to the MEME analysis) in some proteins
before the BELL domain and in others toward the N terminal
region of the protein but never in both locations (Figure 3A)
(Pabón-Mora et al., 2014). The MEME analysis allowed us to
also identify additional conserved motifs that have not been
functionally characterized (Supplementary Figure S2). For
example, motif 7 is highly conserved in basal eudicot RPLs and it
is located between the BELL and Homeodomain (Figure 3 and
Supplementary Figure S2) region, which has been described
as highly variable (Mukherjee et al., 2009). Motif 10 is rich in
hydrophobic and negatively charged amino-acids and is present
only in the Papaver proteins included in the analysis: PsomRPL,
PabrRPL, and PabrRPL2 (Figure 3A) which may impact protein
folding and binding (Nicholls et al., 1991) and therefore confer a
specific function to these proteins. In addition, motifs 8, 13, and
20 are found only in the sequences belonging to the RanRPL2
clade but absent in some Menispermaceae and Ranunculaceae
proteins such as HycaRPL, NisaRPL1/2/3, XasiRPL1, TicoRPL4
and AqcoRPL (Figure 3A and Supplementary Figure S2). In
addition, these proteins are also highly variable toward the
N-terminus (Figure 3A).

RPL Expression During Vegetative
Development Is Conserved Across
Eudicots
To fill the gaps in our understanding of RPL evolution
across angiosperms and to propose hypotheses in terms of
the functional evolution of the RPL gene lineage, we analyzed
RPL expression patterns in Papaver somniferum and Bocconia
frutescens (Papaveraceae; basal eudicots). The two paralogs from
Bocconia that belong to the RanRPL2 clade, BofruRPL2/3, are
expressed in the shoot apical meristem, the adaxial side of the
developing leaves as well as in the adaxial side of more developed
leaves. The fact that BofrRPL1 is not expressed in the vegetative
tissue suggest some degree of subfunctionalization among the
three B. frutescens paralogs (Figures 5–7). On the other hand,
PsomRPL, part of the RanRPL1 clade, is found to be expressed in
the vegetative tissue in shoot apical meristem, developing leaves
and in the stem (Figure 9).

RPL homologs analyzed here show expression patterns in the
vegetative tissue similar to those found in Arabidopsis RPL and its
sister clade PNF (Becker et al., 2002; Roeder et al., 2003; Konishi
et al., 2006; Campbell et al., 2008; Arnaud et al., 2011; Pabón-
Mora et al., 2014; Bencivenga et al., 2016). Our results suggest
that RPL function in the maintenance of shoot apical meristem
identity, is conserved in monocots and eudicots (Bhatt et al.,
2004; Konishi et al., 2006; Kanrar et al., 2008; Rutjens et al., 2009;
Arnaud et al., 2011; Mühlhausen et al., 2013). In Arabidopsis,
this function is mediated by the interaction with KNOX genes
(Cole et al., 2006) which also have been found to have a conserved
function in Papaveraceae compared to Arabidopsis (Groot et al.,
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2005). We hypothesize that the meristem identity function
mediated by the interaction of RPL and KNOX genes is likely
maintained in eudicots. In fact, its meristematic function may be
also maintained in fruit development across eudicots as we found
RPL expression in P. somniferum at the apex of the carpel walls
were they fuse as result of the post-genital meristematic activity
(Figures 8, 9) (reviewed by Girin et al., 2009).

Our results together with those found in Brassicaceae, suggest
that the meristematic and vegetative function is shared between
the PNF and RPL clades (Roeder et al., 2003; Smith et al.,
2004; Konishi et al., 2006; Kanrar et al., 2008; Ung et al., 2011;
Mühlhausen et al., 2013) and that it is likely the ancestral function
of these genes in gymnosperm RPL-PNF homologs (Pabón-Mora
et al., 2014) for which expression or functional studies have not
been performed yet. Moreover, it is likely that all BLH proteins
are involved in vegetative development, as it is a function that
has been broadly described for other paralogs in Arabidopsis (Yu
et al., 2009), such as ARABIDOPSIS THALIANA HOMEOBOX
1 (ATH1) that is expressed in the SAM and leaf primordia
(Proveniers et al., 2007) and SAWTOOTH1 (SAW1 = BLH2) and
SAW2 (=BLH5) that regulate leaf development (Kumar et al.,
2007).

RPL Homologs in Papaveraceae Show
Broad Expression Patterns During
Flower Development and More
Restricted Expression During Fruit
Development
The floral organ expression patterns of RPL copies in the two
Papaveraceae species (Figures 5–7, 9) are consistent with the
expression patterns of RPL homologs in Brassicaceae (Roeder
et al., 2003; Kanrar et al., 2006; Mühlhausen et al., 2013).
Later in the developing carpel, RPL is mostly restricted to the
stylar and stigmatic adaxial region of B. frutescens (Figures 5–
7) similar to the expression described in Arabidopsis (Simonini
et al., 2018). In general, the orthologs PsomRPL and BofrRPL1,
members of the RanRPL1 clade are similarly expressed in late
stages of carpel development and in the fruit (Figures 5, 9),
supporting also some degree of subfunctionalization between
the Bocconia homologs that belong to the different clades. In
Arabidopsis, RPL participates in the genetic network involved
in the proper development of the style by interacting with
auxin response factor ETTIN (ETT), INDEHISCENT (IND)
and BREVIPEDICELUS (BP) (Marsch-Martinez et al., 2014;
Simonini et al., 2016, 2018). Although IND is the result of a
Brassicaceae specific duplication event that also gave rise to
HECATE3 genes, pre-duplication HECATE3-like genes are likely
to maintain the same role in specifying the distal-most portion
of the gynoecium (Pfannebecker et al., 2017; Gaillochet et al.,
2018). The presence of BP orthologs in basal eudicots, known
as KNAT1 (Groot et al., 2005), together with our expression
results point to a key conserved role of RPL in style development
and proper carpel development, as the role of RPL is strictly to
repress valve and valve margin developmental genes indirectly
inducing replum formation (Alonso-Cantabrana et al., 2007) and
in the maintenance of the meristematic activity during plant

development, specifically in the fruit (reviewed in Girin et al.,
2009).

Of particular interest are the expression patterns of RPL in
the fruit where dehiscence will occur, whether it is poricidal,
in between the carpel central bundles as in P. somniferum, or
opercular, in between the carpel margins and the commissural
ring as in B. frutescens. This is suggestive of a role in specifying the
separation layer and not the persistent tissue as in Arabidopsis.
It is important to notice that even though we used a variety
of P. somniferum where the fruits do not open, it did not
interfere with the RPL expression in the putative separation
layer of the fruit. The role in replum development may be
Arabidopsis specific (Roeder et al., 2003), as it has not been found
in other Brassicaceae (Mühlhausen et al., 2013). B. frutescens
and A. thaliana present a similar fruit morphology, with a
persistent medial tissue where the seeds remain attached after
the two valves fall apart, and some of the genetic mechanisms
involved in the fruit development are conserved such as the
role of SPT/ALC genes in the specification of carpel margins
and the dehiscence zone (Groszmann et al., 2011; Zumajo-
Cardona et al., 2017) but the proper development of the persistent
medial tissue is not determined by the same mechanisms in basal
eudicots.

Functional analyses of RPL will help us to better understand
their contribution to the diversification of fruits within
Papaveraceae (Figure 1). Our expression data support the
idea that although RPL is active during fruit development, its
function in the maintenance of a persistent medial tissue is
not conserved in basal eudicots. The replum in Arabidopsis
seems to be the result of the co-option of RPL. During
Arabidopsis carpel and fruit development, RPL is directly
repressed by APETALA2 (Ripoll et al., 2011) and RPL, negatively
regulates SHATERPROOF1/2 (SHP1/2), which are the paralogs of
AGAMOUS (AG), to the replum boundary (Roeder et al., 2003;
Kramer et al., 2004; Zahn et al., 2006; Chávez-Montes et al.,
2015). Although no SHP orthologs have been found in basal
eudicots (Pabón-Mora et al., 2014) it has been suggested that its
function in fruit development is maintained by its ancestral gene
paleoAGAMOUS (Hands et al., 2011). This regulatory network
becomes more difficult to understand in B. frutescens due to its
multiple copies. Nevertheless, the opposite expression patterns
of the two copies of AP2 in Bocconia (Zumajo-Cardona et al.,
2017) with the expression of the three RPL copies presented
here, suggest that the interaction of AP2-RPL is also maintained
in this species. Thus, based on the protein analysis of RPL
homologs and the expression patterns related to other genes
in the network, it is likely that the interactions between these
genes are conserved in Papaveraceae. In addition, we determined
that RPL in Papaveraceae is expressed in the regions where the
carpels distally fuse and subsequently in the separation layer of
the fruits. Expression and functional analyses are required in
other Ranunculales like Ranunculaceae (i.e., Aquilegia coerulea)
or Menispermaceae (i.e., Menispermum canadense) in order to
better understand the role of RPL in apocarpous gynoecium
as well as the impact of the protein composition as we
have detected that RPL sequences in these species are highly
variable.
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Finally, we described for the first time expression of RPL
homologs in the developing ovules (Figures 5–7, 9). BELL1,
also a TALE-Homeodomain gene closely related to RPL (Becker
et al., 2002; Bowman et al., 2016) has been described to function
in ovule development. BELL1 represses AGAMOUS (AG) in
the floral meristem (Bowman et al., 1991a,b; Bao et al., 2004).
When BELL1 is silenced, the continuous expression of AG in
the ovule results in homeotic transformation of the integuments
into carpels (Modrusan et al., 1994; Ray et al., 1994; Reiser
et al., 1995; Hands et al., 2011). Later during ovule formation,
BELL1 is involved in the proper development of the integuments.
The expression of RPL in the ovules of the two Papaveraceae
species compared here (Figures 5–7, 9), particularly in BofrRPL2
which seems to be specifically expressed in the early formation
of the integuments, suggests that RPL genes may have the same
role in ovule and proper integument development in basal
eudicots (Figure 6). Here, we present for the first time also, the
expression of BofrRPL3 in the aril of B. frutescens (Figure 7K).
Additional expression and functional analyses in non-model
species that develop an aril are required in order to determine
the conservation of this expression and the role of RPL during
aril development.
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Ecologically and economically important fleshy edible fruits have evolved from dry fruit
numerous times during angiosperm diversification. However, the molecular mechanisms
that underlie these shifts are unknown. In the Solanaceae there has been a major
shift to fleshy fruits in the subfamily Solanoideae. Evidence suggests that an ortholog
of FRUITFULL (FUL), a transcription factor that regulates cell proliferation and limits
the dehiscence zone in the silique of Arabidopsis, plays a similar role in dry-fruited
Solanaceae. However, studies have shown that FUL orthologs have taken on new
functions in fleshy fruit development, including regulating elements of tomato ripening
such as pigment accumulation. FUL belongs to the core eudicot euFUL clade of the
angiosperm AP1/FUL gene lineage. The euFUL genes fall into two paralogous clades,
euFULI and euFULII. While most core eudicots have one gene in each clade, Solanaceae
have two: FUL1 and FUL2 in the former, and MBP10 and MBP20 in the latter. We
characterized the evolution of the euFUL genes to identify changes that might be
correlated with the origin of fleshy fruit in Solanaceae. Our analyses revealed that the
Solanaceae FUL1 and FUL2 clades probably originated through an early whole genome
multiplication event. By contrast, the data suggest that the MBP10 and MBP20 clades
are the result of a later tandem duplication event. MBP10 is expressed at weak to
moderate levels, and its atypical short first intron lacks putative transcription factor
binding sites, indicating possible pseudogenization. Consistent with this, our analyses
show that MBP10 is evolving at a faster rate compared to MBP20. Our analyses found
that Solanaceae euFUL gene duplications, evolutionary rates, and changes in protein
residues and expression patterns are not correlated with the shift in fruit type. This
suggests deeper analyses are needed to identify the mechanism underlying the change
in FUL ortholog function.

Keywords: dry fruit, fleshy fruit, fruit development, fruit evolution, FRUITFULL, gene duplication, MADS-box
transcription factors, Solanaceae
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INTRODUCTION

Fleshy fruits are agriculturally and economically important plant
organs that have evolved from dry fruits many times during
angiosperm evolution. However, the genetic changes that are
required for this shift to occur are as yet unknown (Bolmgren
and Eriksson, 2010). In the agriculturally, pharmacologically, and
horticulturally important plant family Solanaceae (nightshades),
there was a shift to fleshy fruit in the subfamily Solanoideae from
plesiomorphic dry fruit (Figure 1) (Knapp, 2002). In the family
two independent transitions to fleshy fruits have also occurred
in the genera Duboisia (subfamily Anthocercideae) and Cestrum
(subfamily Cestroideae), as well as a reversal to dry fruit in the
genus Datura (subfamily Solanoideae) (Knapp, 2002).

Evidence from tomato (Solanum lycopersicum, subfamily
Solanoideae) indicates that FRUITFULL (FUL) transcription
factors (TFs) have novel functions in fleshy fruit development
compared to Arabidopsis (Brassicaceae) and Nicotiana
(Solanaceae, subfamily Nicotianoideae) (Gu et al., 1998;
Smykal et al., 2007; Bemer et al., 2012; Shima et al., 2013, 2014;
Wang et al., 2014). FUL is a MADS-box TF that plays pleiotropic
roles in both reproductive and vegetative development in the
model plant Arabidopsis thaliana (Spence et al., 1996; Gu et al.,
1998; Liljegren et al., 2000; Rajani and Sundaresan, 2001; Melzer
et al., 2008). FUL controls cell proliferation in the fruit valves
and spatially limits the formation of the dehiscence zone in the
dry silique of A. thaliana, enabling the mature fruits to dehisce
(Spence et al., 1996; Gu et al., 1998; Liljegren et al., 2000, 2004;
Rajani and Sundaresan, 2001). Overexpression of a Nicotiana
tabacum FUL ortholog in woodland tobacco (Nicotiana sylvestris)
resulted in indehiscent fruits with reduced lignification at the
dehiscence zones, suggesting a role similar to that observed
in silique development in A. thaliana (Smykal et al., 2007).
Several groups have examined the function of euFUL genes, the
core-eudicot clade to which FUL belongs, in tomato (Bemer
et al., 2012; Shima et al., 2014; Wang et al., 2014). All studies
showed defects in fruit pigmentation during ripening when FUL
ortholog expression was downregulated, and some studies also
suggested roles in ethylene production and pericarp and cuticle
thickness (Bemer et al., 2012; Shima et al., 2014; Wang et al.,
2014). These data indicate that euFUL genes are controlling
different processes in dry and fleshy fruits in the Solanaceae.

Early in the diversification of core-eudicots, there was a
duplication in the euFUL gene clade, which resulted in the
euFULI and euFULII clades (Litt and Irish, 2003; Shan et al.,
2007). The A. thaliana FUL gene belongs to the euFULI clade
while its paralog, AGL79 which plays a role in lateral root
development, branching, leaf morphology, and transition to
flowering, belongs to the euFULII clade (Gao et al., 2018).
The euFULI clade has duplicated in Solanaceae resulting in
two subclades, designated here as FUL1 and FUL2; likewise
the euFULII clade has two Solanaceae-specific subclades, here
designated MBP10 and MBP20 (Hileman et al., 2006; Bemer et al.,
2012; The Tomato Genome Consortium, 2012). We studied the
evolution of euFUL genes in Solanaceae to characterize patterns
of selection, duplication, and sequence evolution to identify
changes that might be correlated with the shift to fleshy fruit. We

tested the following hypotheses: (1) following the duplication of
euFUL genes, there was a relaxation of selection in some or all of
the resulting clades that resulted in sequence diversification; (2)
changes in amino acid sequences are correlated with the origin
of fleshy fruit. Although we found several sites showing changes
in amino acid residues that might have resulted in changes in
protein function, none of these were associated with the evolution
of fleshy fruit. Consistent with our hypothesis, we found that
the FUL1 and MBP10 genes are evolving at significantly faster
rates in comparison to FUL2 and MBP20. In combination with
the relatively weak expression of MBP10 and loss of potential
regulatory elements, our data suggest that the MBP10 lineage may
be undergoing pseudogenization.

MATERIALS AND METHODS

Plant Material for Sequencing
Sources of plant and tissue material for sequencing are listed in
Table S1 in Supplementary Data Sheet S1. Plants were grown
in temperature controlled glasshouses at University of California,
Riverside (UCR), The New York Botanical Garden, NY (NYBG),
and The University of Antioquia, Colombia (UdeA) or collected
from the grounds at UCR and the Universidad de Antioquia or
the field at Parque Arvi, Vereda Santa Elena, El Tambo, Colombia.

For ease of reference and to simplify language, throughout
the paper, members of Solanoideae, including the dry-fruited
Datura, will be referred to as “fleshy-fruited species” (rather than
“fleshy-fruited species and Datura”). Likewise non-Solanoideae,
including the fleshy-fruited Cestrum and Duboisia, will be
referred to as “dry-fruited species” (rather than “dry-fruited
species and Cestrum and Duboisia”).

RNA Isolation, cDNA Synthesis/Library
Preparation, and Sequencing
RNA was extracted from fruit, floral/inflorescence or leaf tissue
using RNeasy Plant Mini Kits (QIAGEN, Hilden, Germany)
according to the manufacturer’s protocol. For Grabowskia glauca,
Dunalia spinosa, Fabiana viscosa, and Salpiglossis sinuata RNA
extractions, lysis buffer RLC was used instead of RLT and 2.5%
(w/v) polyvinylpyrrolidone (PVP) was added. The RLT buffer was
used for extracting RNA from all other species. RNA quality was
checked using a BioSpectrometer Basic (Eppendorf, Hamburg,
Germany) and stored at −80◦C. cDNA was synthesized using
SuperScript III Reverse Transcriptase (Thermo Fisher, San Diego,
CA, United States) according to the manufacturer’s protocol and
the product was checked by amplifying ACTIN. Clade-specific
degenerate primers were designed to target specific euFUL gene
homologs based on conserved regions in Solanaceae euFUL gene
alignments (Supplementary Table S5). PCR was run for two
initial cycles with an annealing temperature between 40 and
45◦C followed by 30 cycles at 55◦C annealing temperature. The
PCR products were visualized on a 1% agarose gel. If multiple
amplicon band sizes were present, the annealing temperature of
the first two cycles was increased until only one product size
was achieved.
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FIGURE 1 | Solanaceae phylogeny with fruit type (dry vs. fleshy) mapped (adapted from Knapp, 2002; Olmstead et al., 2008). The shift to fleshy fruit in the
sub-family Solanoideae is indicated with the star. The capsule represents the ancestral fruit-type while the berry represents the generic fruit-type following this shift.
The reversal to dry fruit and the independent evolutionary origins of fleshy fruit are highlighted in magenta and blue, respectively. Black circles mark the genera
referred to in the text.

PCR products were purified using QIAquick PCR Purification
Kit (QIAGEN) according to the manufacturer’s protocol. The
purified product was then cloned using TOPO TA Cloning
Kit (Life Technologies, Carlsbad, CA, United States) according
to the manufacturer’s protocol, and the ligated plasmids
were transformed into chemically competent TOP10 strain
of Escherichia coli. Transformants were plated on LB plates
with kanamycin selection (50 µg/mL) coated with 40 µL of
25 mg/mL X-Gal and IPTG, and incubated at 37◦C overnight.
Individual positive (white) colonies were used as templates in
amplification with M13F and M13R primers (Life Technologies,
Carlsbad, CA, United States) to identify those colonies with
inserts of the expected size between 500 bp and 1 kb. These
were grown overnight in 5 mL liquid LB medium supplemented
with kanamycin (50 µg/mL) in an incubator-shaker at 250

RPM and 37◦C. Plasmids were extracted from the liquid
cultures using Plasmid Miniprep Kit (QIAGEN) according to
the manufacturer’s protocol, and sequenced using M13 reverse
primer at the Institute for Integrative Genome Biology (IIGB) at
UCR or Eton Bioscience, Inc. (San Diego, CA, United States).

For library preparation, RNA quality was checked using
a Bioanalyzer (Agilent, Santa Clara, CA, United States).
RNAseq library preparation was done according to the
manufacturer’s Poly(A) mRNA Magnetic Isolation Module
protocol for NEBNext Ultra Directional RNA library Prep Kit for
Illumina (New England BioLabs, Ipswich, MA, United States).
Cestrum diurnum, C. nocturnum, and Schizanthus grahamii
libraries were sequenced on an Illumina NextSeq v2 platform
with high-output runs of 75 bp paired-end reads while Dunalia
spinosa, Fabiana viscosa, Grabowskia glauca, and Salpiglossis
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sinuata libraries were sequenced on an Illumina NextSeq v2
platform with high-output runs of both 75 bp paired-end reads
and 150 bp single-end reads at IIGB, UCR. Nicotiana obtusifolia
libraries were generated at NYBG and sequenced at the Beijing
Genomics Institute (Shenzhen, China), and Brunfelsia australis
and Streptosolen jamesonii libraries (Ortiz-Ramírez et al., 2018)
were generated at UdeA and sequenced at Macrogen (Korea). All
resulting euFUL sequences from both degenerate primer PCRs
and transcriptomes are listed in Table S2 in Supplementary
Data Sheet S1. Individual sequences from PCR-based methods
have been deposited in the GenBank (for accession numbers, see
Table S1 in Supplementary Data Sheet S1) and transcriptome
data for N. obtusifolia, C. diurnum, C. nocturnum, D. spinosa, F.
viscosa, G. glauca, and S. grahamii have been deposited on the
SolGenomics network1.

Mining euFUL Sequences From de novo
Transcriptome Assembly and Databases
For transcriptome assembly, raw paired-end reads and single-
end reads from Illumina sequencing were first quality trimmed
using Trimmomatic v0.36 (Bolger et al., 2014) or TrimGalore
(Krueger, 2017) and de novo assembled on the UCR High
Performance Computing Cluster (HPCC) using the default
settings of Trinity v2.4.0 (Grabherr et al., 2011). Dunalia spinosa,
Fabiana viscosa, Grabowskia glauca, and Salpiglossis sinuata
libraries were assembled by combining both 75 bp paired-end and
150 bp single-end reads. Each assembled transcriptome was then
used to create a custom Basic Local Alignment Tool (BLAST)
(Altschul et al., 1990) database. The BLAST database for each
species was queried on the HPCC with both blastn and tblastx
using all available sequences in our euFUL sequence file using a
UNIX command line that sequentially matched each sequence
in our query file against the database (BLAST R© Command Line
Applications User Manual, 2008). BLAST analyses were also
conducted on the NCBI2 (NCBI Resource Coordinators, 2017)
and oneKP3 (Matasci et al., 2014) databases using A. thaliana
FUL and various Solanaceae FUL homologs as query. Matching
output sequences (Table S1 in Supplementary Data Sheet S1)
from both transcriptomes assemblies and database mining were
further confirmed by compiling a gene tree as described below.
We confirmed the accuracy of our sequences using gene specific
primers and Sanger sequencing. Unless specified otherwise, all
sequences referred to in this manuscript are the full or partial
mRNA sequences.

Gene-Tree Generation
The Multiple Sequence Comparison by Log-Expectation
(MUSCLE) (Edgar, 2004) tool was used to align euFUL sequences
(Supplementary Data Sheet S2). The appropriate model for
tree building, GTR+G, was determined with jModelTest 2.0
(Darriba et al., 2012). Ten independent maximum likelihood
(ML) analyses starting with random trees were performed using
GARLI v2.1 (Genetic Algorithm for Rapid Likelihood Inference)

1ftp://ftp.solgenomics.net/manuscripts/Litt_2018
2https://www.ncbi.nlm.nih.gov/blast
3https://db.cngb.org/blast4onekp/

(Bazinet et al., 2014). euFUL genes from Convolvulaceae
(Convolvulus, Cuscuta and Ipomoea species), which were
retrieved from the oneKP database4, were designated as the
outgroup in each analysis, which meant these sequences were
automatically excluded from the ingroup clades. Each ML run
was set to terminate when there was no significantly better
scoring topology for 20,000 consecutive generations. The ten
resulting trees were checked for agreement by calculating the
pairwise Robinson–Foulds distance using ‘ape’ and ‘phangorn’
packages on R (Robinson and Foulds, 1981; Paradis et al.,
2004; Schliep, 2010; R Core Team, 2018). The tree with the
largest ML value was chosen as the starting tree in a bootstrap
analysis involving 1,000 replicates. The results of the replicates
were summarized and bootstrap values were calculated using
SumTrees tool of DendroPy package on Python ver. 2.7 (Python
Language Reference, 2010; Sukumaran and Holder, 2010) or
Geneious 10.2 (Darling et al., 2010; Kearse et al., 2012).

Any sequences that did not group with any of the subclades
were aligned with the paralogs to investigate whether these may
have been splice isoforms. Any such isoform was expected to have
large insertions/deletions at splice junctions. None were noted.

Selection Pressure Analysis
The CODEML program within the Phylogenetic Analysis by
Maximum Likelihood (PAML) (Yang, 1997) v 1.35 software
package was run on the HPCC at UCR to analyze the selection
pressure acting on euFUL genes. These analyses were performed
to test if different gene lineages as well as sub-groups within those
lineages were evolving at significantly different rates. Further
scenarios were considered in which each gene, the transition
branches from dry to fleshy fruit trait, or specific sites in the
sequences were tested for significantly different rates of evolution.
Model 0 (M0) was used to estimate a single evolutionary rate for
all genes when the clades being analyzed encompassed the entire
dataset. Model 2 (M2) was used when two groups encompassing
the entire data set have different rates or when two groups that
are being compared do not encompass the entire data set. In
the latter case, the two clades being compared were grouped
together to obtain a single evolutionary rate in comparison to
the rate for the remaining data (background). This single rate for
the two clades grouped together was then compared to the rates
for each clade separately to determine if the separate rates were
significantly different from the combined rate. The test statistic,
21L (twice the difference of the resulting log-likelihood values),
and the degrees of freedom (df), were then used in chi-squared
tests to check for statistical significance. In any comparison
where the P-value was less than 0.05, the second hypothesis was
considered to have the better fit than the first, implying there is
statistical power to support that the gene clades are evolving at
different rates. Since Solanaceae has a well-supported phylogeny
(Olmstead et al., 2008; Särkinen et al., 2013), for PAML analyses,
the branches of the gene-tree described above were adjusted to
match the phylogenetic relationships of the species included in
the analysis. In the euFUL gene groups that are evolving faster,

4https://sites.google.com/a/ualberta.ca/onekp
5http://abacus.gene.ucl.ac.uk/software/paml.html
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sites undergoing positive selection were analyzed using mixed
effects model of evolution (MEME)6 (Murrell et al., 2012).

The gene alignments for the euFUL subclades that are
evolving at statistically significantly faster than the other
subclades were translated using AliView (Larsson, 2014). In
these protein alignments, the sites that changed from hydrophilic
to hydrophobic or vice versa were identified manually. Those
changes that might have been functionally deleterious versus
those that might have been neutral were identified using
the PROVEAN Protein tool7 (Choi, 2012; Choi et al., 2012;
Choi and Chan, 2015).

MADS (M), intervening/interacting (I) and keratin-like (K)
domains of the proteins were identified using a published MADS-
box protein model (Kaufmann et al., 2005).

The structure of M, I, and K domains of tomato
FUL1 and MBP10 were predicted using PHYRE2 server8

(Kelley et al., 2015).

MBP10/MBP20 Synteny and Intron
Analyses
One-million-base-pair regions surrounding tomato MBP10 and
MBP20 were analyzed for synteny using the progressive Mauve
alignment tool on Geneious 10.29 (Darling et al., 2010;
Kearse et al., 2012).

Putative TF binding site searches for MBP10 and MBP20
first introns were done using PROMO 3.010 at a maximum
matrix dissimilarity rate of zero (Messeguer et al., 2002;
Farré et al., 2003).

Solanaceae euFUL Expression Analysis
The expression patterns of euFUL genes were analyzed
using RT-PCR data for Solanum pimpinellifolium organs, and
transcriptome data from this study for five stages of fruit
development in S. pimpinellifolium and tomato following stages
identified by Gillaspy et al. (1993) and Tanksley (2004).
Additional expression data were obtained from the eFP browser11

for tomato, S. pimpinellifolium, potato (S. tuberosum) (Massa
et al., 2011; Potato Genome Sequencing Consortium et al.,
2011; The Tomato Genome Consortium, 2012) and from the
Gene Expression Atlas12 for Nicotiana benthamiana (Nakasugi
et al., 2014), and other publications (Hileman et al., 2006;
Burko et al., 2013).

The TF binding sites for the 2 kb and 5 kb regions
upstream of the euFUL gene transcription start sites of
tomato (GCF_000188115.4) (The Tomato Genome Consortium,
2012), potato (GCF_000226075.1) (Potato Genome Sequencing
Consortium et al., 2011) and N. sylvestris (GCA_000393655.1)
(Sierro et al., 2013) were predicted using PlantPAN 2.013

6http://datamonkey.org/meme
7http://provean.jcvi.org
8http://www.sbg.bio.ic.ac.uk/~phyre2
9https://www.geneious.com
10http://alggen.lsi.upc.es/recerca/frame-recerca.html
11http://bar.utoronto.ca
12http://benthgenome.qut.edu.au/
13http://plantpan2.itps.ncku.edu.tw

(Chang et al., 2008). Due to the limitations of available contig
length, the longest promoter region used for N. sylvestris
MBP10 was 3.3 kb.

RESULTS

Solanaceae Have Four Clades of euFUL
Genes
Our analysis consisted of 106 sequences from 45 species in 26
genera obtained from direct amplification, transcriptomes, and
online genomic databases (Table S1 in Supplementary Data
Sheet S1). Of these, 64 sequences belonged to species from the
Solanoideae, characterized by the derived fleshy fruit, whereas
the other 42 sequences were from species with the ancestral dry-
fruit trait. We designated euFUL genes from Convolvulaceae,
the sister-group of Solanaceae, as the outgroup (Stefanoviæ
et al., 2003). For many species in the analysis, we have an
incomplete set of paralogs; however, we had substantial and
diverse representation from across the phylogeny, which allows
us to test hypotheses regarding the evolution of this gene
lineage in Solanaceae.

We used maximum likelihood methods (Garli v2.1) (Bazinet
et al., 2014) to reconstruct the relationships of Solanaceae euFUL
genes (Figure 2). The resulting tree shows two major lineages of
euFUL genes, with 80% and 100% bootstrap support, respectively,
that correspond to the previously identified core eudicot euFULI
and euFULII lineages (Litt and Irish, 2003; Shan et al., 2007).
A Solanaceae whole-genome triplication has been proposed (The
Tomato Genome Consortium, 2012; Albert and Chang, 2014;
Vanneste et al., 2014; Bombarely et al., 2016), which would
suggest that all Solanaceae should have three euFULI and three
euFULII genes. However, others have suggested a duplication
(Blanc and Wolfe, 2004; Schlueter et al., 2004; Song et al., 2012).
Our data and other studies, as well as searches of the tomato
genome have shown that tomato has four euFUL genes: two
euFULI and two euFULII (Hileman et al., 2006; Bemer et al.,
2012; The Tomato Genome Consortium, 2012) instead of the
six predicted by a triplication. Additional genome sequencing
(e.g., potato, Capsicum annuum) (Potato Genome Sequencing
Consortium et al., 2011; Hulse-Kemp et al., 2018), transcriptome
sequencing, and PCR-based analyses (this study) have also found
two euFULI and two euFULII genes. This suggests the loss
of one paralog from each of the euFULI and euFULII clades
following a whole-genome triplication (The Tomato Genome
Consortium, 2012; Albert and Chang, 2014; Vanneste et al.,
2014; Bombarely et al., 2016) or, alternatively one or more
duplication events (Blanc and Wolfe, 2004; Schlueter et al., 2004;
Song et al., 2012).

For the purposes of this paper, we will refer to the euFULI
and euFULII subclades by the name currently used for the
tomato gene in each subclade (Hileman et al., 2006; Bemer et al.,
2012). Thus, the two euFULI subclades will be referred to as
the FUL1 and FUL2 clades, and the euFULII subclades will be
referred to as the MPB10 and MBP20 subclades (Figure 2). In
our gene tree, while the FUL2, MBP10, and MBP20 clades had
high bootstrap support of 83, 99 and 89%, respectively, the FUL1
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FIGURE 2 | Solanaceae euFUL Maximum Likelihood gene tree. FUL1, FUL2, MBP10, and MBP20 clades are colored in blue, green, red, and orange, respectively.
A hexagon is placed next to the Streptosolen gene that is sister to FUL1 and FUL2 clades, and a star is placed next to the Schizanthus gene that is sister to the
euFULII clade. The Convolvulaceae outgroup is highlighted in yellow. The numbers on the branches indicate the bootstrap support.

clade had only 53% support (Figure 2). A single gene from
Streptosolen grouped sister to the FUL1 and FUL2 clades, while
a gene from Schizanthus, one of the earliest diverging genera
(Olmstead et al., 2008; Särkinen et al., 2013), grouped as sister
to the euFULII clade. To confirm the above were not artifacts, we
re-assembled the Streptosolen transcriptome while searching for
reads supporting the gene contig, and amplified the Schizanthus
sequence using gene-specific primers.

The presence of both FUL1 and FUL2 genes in species
from across the phylogeny is consistent with the event that
produced these two clades being part of a family-wide, whole-
genome duplication or triplication (Blanc and Wolfe, 2004;
Schlueter et al., 2004; Song et al., 2012; The Tomato Genome

Consortium, 2012; Albert and Chang, 2014; Vanneste et al., 2014;
Bombarely et al., 2016). However, we did not find a FUL2
ortholog in Schizanthus, using transcriptome data, or Goetzia,
using PCR. These two genera are among the earliest diverging
in the family (Olmstead et al., 2008; Särkinen et al., 2013), and
are the earliest that we sampled. This raises the possibility that
the FUL1/FUL2 clades resulted from a duplication that occurred
following the diversification of Schizanthus and Goetzia. In
addition, although we obtained MBP10 sequences from Nicotiana
and most of the genera that diversified subsequently (Figure 1
and Figure S2 in Supplementary Data Sheet S1), we did not find
members of the MBP10 clade in genera that diverged prior to
Brunfelsia. This suggests that the MBP10 and MBP20 subclades
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were produced by a duplication that occurred later in Solanaceae
diversification, after the euFULI duplication and any proposed
family-wide whole-genome events.

The euFULII Clades Are the Result of a
Tandem Gene Duplication
To investigate the nature of the MBP10/MBP20 duplication,
we mapped the location of the four euFUL paralogs to the
genome of cultivated tomato. FUL1 and FUL2 are located on
chromosomes 6 and 3, respectively, consistent with their origin
from a whole genome multiplication. By contrast, MBP10 and
MBP20 are both located on chromosome 2, about 14.3 million
base pairs apart (Figure 3). The location of both euFULII
genes on the same chromosome, and the presence of only one
ortholog in early diverging species, support the hypothesis that
these paralogs may be the result of a tandem gene duplication.
Moreover, comparing a 1-million-base-pair region surrounding
both MBP10 and MBP20 shows synteny, further supporting a
tandem duplication (Figure 3). Annotations indicate that these
syntenic zones contain 17 homologous regions. The regions
that show homology are located on the opposite sides of
MBP10 and MBP20, suggesting an inversion of the tandemly
duplicated region.

Although we recovered an MBP10-clade member in Brunfelsia
australis using transcriptome analysis, we were unable to amplify
this gene from leaf or floral tissue of Fabiana or Plowmania,
genera that are most closely related to Brunfelsia (Figure 1
and Figure S2 in Supplementary Data Sheet S1). In addition,
Petunia is also a member of the clade that includes Brunfelsia,
and searches of the published Petunia genomes (Bombarely
et al., 2016) also failed to turn up an MBP10-clade member.
However, the Brunfelsia sequence in our analysis, obtained
from transcriptome data, falls in the expected place in the
phylogeny, and we confirmed the presence of MBP10 transcript

in Brunfelsia floribunda floral RNA. This suggests that the
MBP10/MBP20 duplication occurred before the divergence of
the Brunfelsia/Fabiana/Petunia/Plowmania clade but the MBP10
paralog was lost in Fabiana, Petunia and Plowmania.

MBP10 Has a Short First Intron With No
TF Binding Sites
A long first intron ranging from 1 to 10 kb, with multiple
potential TF binding sites, is a general feature of FUL homologs
(Table 2) (Takumi et al., 2011). By contrast, MBP10 has a short
first intron of about 80 bp in both cultivated tomato and its closest
wild relative, S. pimpinellifolium, and about 110 bp in Nicotiana
obtusifolia (Table 2). The expression of most euFUL genes
is strong across nearly all vegetative and reproductive organs
(Ferrándiz et al., 2000; Shchennikova et al., 2004; Kim et al., 2005;
Hileman et al., 2006; Bemer et al., 2012; Pabón-Mora et al., 2012,
2013; Scorza et al., 2017); however, diverse analyses using both
quantitative and non-quantitative methods indicate that MBP10
expression is relatively weak in tomato, S. pimpinellifolium,
and N. obtusifolia in most organs (Massa et al., 2011; Potato
Genome Sequencing Consortium et al., 2011; The Tomato
Genome Consortium, 2012; Nakasugi et al., 2014), however, some
studies have suggested moderate expression in leaves (Figure S1
in Supplementary Data Sheet S1 and unpublished data). To
determine if the short first intron lacks putative TF binding sites,
we searched the first intron of MBP10 and MBP20 in tomato
(Promo v3.0) (Messeguer et al., 2002; Farré et al., 2003). We found
that the first intron of MBP10 contains no putative TF binding
sites, while that of MBP20 contains 88 putative TF binding sites
for eight different TFs. These TFs belong to five main families
(Figure S3 in Supplementary Data Sheet S1): MYB (MYB2,
C1), HSF (HSF1), Dof (Dof1, MNB1a, PBF), WRKY (SPF1)
and MADS-box (SQUA). A similar situation was observed for
Nicotiana obtusifolia, which had 133 putative binding sites in the

FIGURE 3 | Reverse synteny of the regions surrounding MBP10 and MBP20 on tomato chromosome 2. The gray block at the top contains the 1 Mbp region
surrounding MBP10 and the white block at the bottom contains the 1 Mbp region surrounding MBP20. A colored box in one block is homologous to a box with the
identical color in the other block. MBP10 and MBP20 genomic sequences are in the center homologous region of the respective block. In MBP20, the boxed
regions below the red horizontal line are in reverse orientation to the corresponding homologous regions in MBP10.
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first intron of MBP20 for a similar array of TFs, while MBP10 had
only four such sites. In addition, we searched the first intron of
AGL79, the euFULII paralog of FUL in A. thaliana, and found 49
putative binding sites, also for similar TFs and TF families. This
suggests a loss of regulatory motifs in MBP10.

FUL1 and MBP10 Genes Are Evolving at
a Faster Rate Than FUL2 and MBP20
Using the Solanaceae euFUL sequence data (Table S1 in
Supplementary Data Sheet S1), we conducted selection pressure
analyses (PAML v1.3) (Yang, 1997) to investigate if there
was a shift in evolutionary rate following the FUL1/FUL2 or
MBP10/MBP20 duplication. Selection pressure (ω) acting upon
different euFUL gene subclades was calculated as the ratio of the
rate of non-synonymous substitutions to the rate of synonymous
substitutions (dN/dS) (Yang, 1997; Yang and Nielsen, 2000).
An ω value of less than 1 means the coding regions are
under purifying selection and that protein function is conserved.
By contrast, an ω of more than 1 means that the coding
regions are under diversifying selection (Yang and Nielsen, 2000).
This is interpreted as allowing potential divergence in protein
function (Torgerson et al., 2002; Almeida and Desalle, 2009).
The nucleotide alignments we used in these analyses excluded
the C-termini for all sequences except for those in the FUL2
clade, due to the high variability of this region, which prevents
reliable alignment.

Our results indicate that all Solanaceae euFUL gene clades are
undergoing purifying selection (ω ≤ 0.20; Table 1 and Table S3
in Supplementary Data Sheet S1), suggesting conservation of
function. The two main lineages, euFULI (ω = 0.13) and euFULII
(ω = 0.16) are evolving at statistically indistinguishable rates.
However, within the euFULI clade, genes of the FUL1 clade are
evolving at a significantly higher rate (ω = 0.17) compared to
those of the FUL2 clade (ω = 0.11). Within the euFULII clade,
MBP10 genes are also evolving at a significantly higher rate
(ω = 0.19) compared to MBP20 (ω = 0.15). Comparing each clade

against all other clades showed that FUL2 ortholog sequences are
the most conserved while MBP10 ortholog sequences have the
weakest purifying selection rates, followed by FUL1, implying the
possibility of diversifying functions in the latter two subclades
(Table 1 and Table S3 in Supplementary Data Sheet S1). None
of the gene groups showed a change in evolutionary rates in
comparisons between dry- and fleshy-fruited species (Table S3
in Supplementary Data Sheet S1).

Rapidly Evolving Sites Are in Regions
Responsible for Protein Complex
Formation
We further analyzed the sequences to identify changes at
individual amino acid sites, specifically those that involved a
change between polar/charged and non-polar, that might have
resulted in a change in protein conformation and function and
that were correlated with the change from dry to fleshy fruit. The
euFUL genes belong to the Type II MADS-domain containing
proteins, which are characterized by a MADS (M) domain, which
functions in DNA binding and DNA-protein dimer specificity, an
intervening/interacting (I) domain that also has a role in dimer
specificity, a keratin-like (K) domain important for protein–
protein interactions, and a C-terminal (C) domain, implicated in
protein-multimerization, transcription activation, and additional
functions (Cho et al., 1999; Heijmans et al., 2012). The C-termini
were excluded from this analysis. We selected comparisons
in which our results showed two gene groups evolving at
significantly different rates (e.g., FUL1 vs. FUL2; Table 1 and
Table S3 in Supplementary Data Sheet S1). In the faster evolving
group, we searched for sites in the M, I, and K regions that are
undergoing diversifying selection (>1) using mixed effects model
of evolution (MEME) (see footnote 6)14 (Murrell et al., 2012).
The results (Figure S4 in Supplementary Data Sheet S1) suggest
that sites undergoing diversifying selection are located mainly

14http://datamonkey.org/meme

TABLE 1 | Evolutionary rates of euFUL gene clades that are evolving at statistically different rates.

Comparison Model ω0 ω1 ω2 21L df P-value

FUL1 vs. FUL2 M2A (ω0: background;
ω1: FUL1 and FUL2)

0.1577 0.1311 _ 15.5040 1 0.0001

M2B (ω0: background;
ω1: FUL1; ω2: FUL2)

0.1577 0.1710 0.1064

MBP10 vs. MBP20 M2A (ω0: background;
ω1: MBP10 and MBP20)

0.1311 0.1577 _ 7.0291 1 0.0080

M2B (ω0: background;
ω1: MBP10; ω2: MBP20)

0.1279 0.1939 0.1514

FUL1 vs. other euFUL M0 (ω0: all branches) 0.1423 _ _ 5.3906 1 0.0001

M2 (ω0: FUL1; ω1: other euFUL) 0.1706 0.1344 _

FUL2 vs. other euFUL M0 (ω0: all branches) 0.1423 _ _ 19.3663 1 0.0000

M2 (ω0: FUL2; ω1: other euFUL) 0.1065 0.1622 _

MBP10 vs. other euFUL M0 (ω0: all branches) 0.1423 _ _ 8.7258 1 0.0031

M2 (ω0: MBP10; ω1: other euFUL) 0.1943 0.1348 _

21L, test statistic (two times the difference of log-likelihood values); df, degrees of freedom. When the groups being compared did not encompass the entire data set,
Model 2 required a two-step analysis (see the section “Materials and Methods”). In this case subscript A and B were used to distinguish the analyses.
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TABLE 2 | Approximate lengths of the first introns of several FUL homologs.

Gene Length (bp)

Solanum lycopersicum FUL1 5, 000

S. lycopersicum FUL2 4, 400

S. lycopersicum MBP10 80

S. lycopersicum MBP20 2, 500

S. pimpinellifolium MBP10 80

Nicotiana obtusifolia FUL1 5, 300

N. obtusifolia FUL2 3, 800

N. obtusifolia MBP10 110

N. obtusifolia MBP20 3, 000

Arabidopsis thaliana FUL 900

A. thaliana AGL79 1, 700

Aegilops tauschii VRN-D1 (Takumi et al., 2011) 8, 600

between amino acids 90 and 180 (out of ∼210 amino acids in
the protein). This region corresponds to the K domain (∼90 to
∼180 amino acids) (Kaufmann et al., 2005). In comparison, the M
(∼1 to ∼60 amino acids) and the I domains (∼60 to ∼90 amino
acids) had relatively few sites undergoing diversifying selection.
Since these TFs function in complexes with other MADS-domain
proteins as well as other proteins, novel interactions made
possible by amino acid changes in this region might lead to
changes in transcriptional activity.

The K domain had 14 sites undergoing diversifying selection
in the FUL1 proteins and four of those showed a change in
polarity (Figure S4 in Supplementary Data Sheet S1). Of those
four, a site that corresponds to the 153rd residue in the tomato
protein had negatively charged glutamate (E) in most of the non-
Solanoideae (mainly dry-fruited) species (11 out of 15 sequences)
while all Solanoideae (mainly fleshy-fruited) species had a non-
polar residue: valine (V; 13 species) or methionine (M; 1 species)
(Figure S5 in Supplementary Data Sheet S1). This change was
due to a single nucleotide change from an A to T in the former
and G to A in the latter. All other changes in FUL1 proteins
that result in a change in charge appeared to be reversible, and
none were correlated with the phylogeny nor with phenotypic
changes. We used the PROVEAN tool on all four K-domain
sites that showed a change in charge to predict whether these
transitions were likely to be deleterious or neutral (Choi, 2012;
Choi et al., 2012; Choi and Chan, 2015). Two of these sites, one
with a histidine (H) to glutamine/asparagine (Q/N) shift at the
95th residue, and one with a lysine (K) to glutamine/threonine
(Q/T) shift at the 157th residue (Figure S5 in Supplementary
Data Sheet S1), were predicted to be functionally deleterious
while the other two sites, including the 153rd residue with
E to V change, were predicted to be neutral. There were
five rapidly changing sites in the M domain and six sites
undergoing positive selection in the I domain of FUL1. None
of the sites in the M domain showed a change in polarity.
Only one site in the I domain showed a change in polarity,
but this site was predicted to be neutral functionally. MBP10
proteins had 20 sites undergoing diversifying selection in the
K domain, only 1 such site in the M domain and 3 in the
I domain (Figures S4, S5 in Supplementary Data Sheet S1).

Of these, only three sites in the I domain showed a change in
charge, all of which were also predicted not to have a negative
effect on function.

Solanaceae euFULI and euFULII
Homologs May Have Experienced
Distinct Mechanisms of Cis-Regulatory
Evolution
We compared euFUL expression data for the cultivated and wild
tomato species, potato and Nicotiana benthamiana to identify any
patterns that might be the result of changes in the regulatory
regions following the duplications of these genes. Not all data
from online sources were comparable across species, as different
studies included different organs and developmental stages in
their analyses, limiting cross-species comparisons. The analysis
shows similar spatial expression patterns for FUL1 and FUL2
(Figure 4 and Figure S1 in Supplementary Data Sheet S1). These
two paralogs are broadly expressed in leaves, flowers and fruits
of tomato, potato, and tobacco. Although the eFP browser data
(Figure 4) shows no expression for FUL1 and FUL2 in tomato
leaves, our RT-PCR data (Figure S1 in Supplementary Data
Sheet S1) and previous publications (Hileman et al., 2006; Burko
et al., 2013) show expression of all four euFUL homologs in
these organs. Both euFULI genes are expressed relatively weakly
in the roots of tomato, potato, and tobacco (Massa et al., 2011;
Potato Genome Sequencing Consortium et al., 2011; The Tomato
Genome Consortium, 2012; Nakasugi et al., 2014) (Figure 4
and Figure S1 in Supplementary Data Sheet S1). Although
spatial domains of expression are similar for the euFULI genes,
they differ in temporal expression over the course of fruit
developmental stages in tomato. Although both FUL1 and FUL2
are expressed in the fruits of all species, in tomato FUL2 is highly
expressed during the early stages of fruit development and then
tapers off, whereas FUL1 expression increases with time (Figure 4
and Figure S1 in Supplementary Data Sheet S1).

In comparison to the euFULI genes, the two euFULII paralogs
show more striking differences in spatial expression at the organ
level (Figure 4 and Figure S1 in Supplementary Data Sheet S1),
and also between species. In all species for which expression is
reported, MBP10, alone among the euFUL genes in Solanaceae,
is not expressed in fruits, or is expressed at barely detectable
levels. In tomato, MBP20 is expressed strongly in roots while
MBP10 is not. By contrast, in potato tubers, MBP10 expression
is high and MBP20 is not expressed (Figure 4). The online
sources and our RT-PCR data also show subtle intra-specific
differences in expression between MBP10 and MBP20 in flowers
(Figure 4 and Figure S1 in Supplementary Data Sheet S1).
In addition, our RT-PCR data show that MBP10 is expressed
relatively weakly in petals and stamens in tomato while MBP20
is expressed throughout the flower (Figure S1 in Supplementary
Data Sheet S1). However, these differences seem to be a matter of
expression intensity in comparison to the more striking contrasts
seen in roots, tubers, and fruits.

The types of differences in expression between FUL1 and
FUL2 versus MBP10 and MBP20 might be due to differences
in the regulatory environment as a result of the different ways
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FIGURE 4 | The euFUL expression profiles in Solanum lycopersicum, S. pimpinellifolium, S. tuberosum, from eFP browser (http://bar.utoronto.ca), and Nicotiana
benthamiana, from the Gene Expression Atlas (http://benthgenome.qut.edu.au) data.
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in which these duplicates arose. A tandem duplication and
inversion may have disrupted regulatory regions in ways that
would not be associated with a whole genome duplication or
triplication (Tanimoto et al., 1999; Kmita et al., 2000; Vogel
et al., 2009; Lupiáñez et al., 2015; Puig et al., 2015). To
investigate this, we searched for putative TF binding sites in the
promoter regions (2 and 5 kb upstream from the transcription
start site) of euFUL genes in tomato, potato, and woodland
tobacco to compare the differences between the pairs of paralogs
(Table S4 in Supplementary Data Sheet S1). Woodland tobacco
was used rather than N. benthamiana since relatively longer
promoter sequence lengths for euFUL genes were available for
this genome assembly (Sierro et al., 2013). Despite this, the
maximum available promoter length for NsMBP10 was about
3.3 kb. We found that the differences in types and numbers
of predicted TF binding sites between FUL1 and FUL2 were
comparable to the differences between MBP10 and MBP20
(Table S4 in Supplementary Data Sheet S1). Nonetheless we
did find some differences that may underlie observed differences
in expression between paralogs. Some of these differences were
presence/absence of binding sites for a particular TF, and some
were in the number and distribution of sites. Putative binding
sites for AUXIN RESPONSE FACTORS (ARF) were absent from
the tomato FUL2 promoter while they were present in the
promoters of all other euFUL genes in all species examined.
Only FUL2 in tomato, FUL1 in potato, and MBP10 in woodland
tobacco contained binding sites for STOREKEEPER (STK).
ETHYLENE INSENSITIVE 3 (EIN3) has three sites in tomato
FUL1 and five in tomato FUL2, but the distribution of the sites
differs. In FUL1, there are no sites within 2 kb of the coding
sequence, and three within 5 kb, whereas in FUL2 there is one site
in the 2 kb region and four in the full 5 kb region. In woodland
tobacco, there are three EIN3 sites in FUL1, all of which are
within the 2 kb region, and only one in FUL2, which is located
between 2 and 5 kb. These types of differences may underlie
observed differences in expression.

DISCUSSION

Solanaceae euFUL Gene Tree Shows the
History of Duplications in This Lineage
In Solanaceae, there has been a major shift to fleshy fruit in
the Solanoideae (Knapp, 2002). However, we do not know the
molecular basis of this economically and ecologically important
evolutionary event. FUL negatively regulates lignification in the
dehiscence zone in the dry silique of A. thaliana, and functions
in cauline leaf development, the transition to flowering and
determinacy (Spence et al., 1996; Gu et al., 1998; Liljegren
et al., 2000, 2004; Rajani and Sundaresan, 2001; Melzer et al.,
2008). Studies of FUL ortholog function across the angiosperms
have shown that it is labile, and orthologs have acquired
diverse roles over evolutionary time. VEGETATIVE 1 (VEG1),
an ortholog of FUL in pea (Pisum sativum), is involved in
secondary inflorescence meristem identity (Berbel et al., 2012).
AGAMOUS-like 79 (AGL79), the A. thaliana euFULII paralog
of FUL, is mainly expressed in the root and has functions in

lateral root development and may also play a role function
in leaf shape, leaf number, branching, and time to flowering
(Gao et al., 2018). However, the overexpression of an AGL79
ortholog from snapdragon (Antirrhinum majus) in A. thaliana
resulted in indehiscent siliques, suggesting a role more similar
to A. thaliana FUL (Müller et al., 2001). Evidence suggests that
in tomato, one of the AGL79 orthologs, MBP20, plays a role
in leaf development (Burko et al., 2013). VERNALIZATION 1
(VRN1) genes, which are FUL-like orthologs in grass species
such as wheat (Triticum spp.) and barley (Hordeum vulgare),
function in the vernalization response (Preston and Kellogg,
2008). Evidence to date, therefore, suggests that euFUL function
is labile, and has changed substantially in different plant
lineages during the course of angiosperm evolution. Thus it
is not surprising to find a change in function of euFUL
orthologs in Solanaceae.

There is evidence to suggest that Solanaceae euFUL orthologs
play a role similar to that of A. thaliana FUL in the development
of dry dehiscent fruits (Smykal et al., 2007). However, studies
suggest that in the fleshy fruit of Solanoideae, FUL orthologs
play roles in pigmentation as well as ethylene response, cell
wall modification, glutamic acid degradation, volatile production,
and pericarp and cuticle thickness (Bemer et al., 2012; Shima
et al., 2014; Wang et al., 2014). To determine if we could
identify changes in euFUL sequences or selection that might
shed light on this change in function, we analyzed euFUL gene
evolution in Solanaceae.

We performed a maximum likelihood phylogenetic analysis
(Garli v2.1) (Bazinet et al., 2014) on a data set that consisted
of 106 Solanaceae members of the euFUL gene lineage (Litt
and Irish, 2003; Shan et al., 2007), which we obtained
through amplification and sequencing (37 sequences), generating
transcriptome sequence data (29 sequences), or mining databases
(40 sequences). As outgroup we used 10 euFUL genes from
Convolvulaceae, the sister family to Solanaceae (Figure 2 and
Supplementary Table S1) (Stefanoviæ et al., 2003). The resulting
tree shows the two major clades of core-eudicot euFUL genes,
the euFULI and euFULII lineages (Litt and Irish, 2003; Shan
et al., 2007). Within each of these clades there is evidence
of a Solanaceae-specific duplication, resulting in two subclades
in each lineage. Within each subclade, the order of branches
correlates well with the topology of the Solanaceae phylogeny
(Olmstead et al., 2008; Särkinen et al., 2013); discrepancies at the
genus level are likely due to the short length of some sequences
and sequence divergence in some taxa. Each of the subclades
includes orthologs from both fleshy- and dry-fruited species,
indicating that the subclade duplications preceded the origin of
fleshy fruit.

Although duplications in these genes are common (Litt and
Irish, 2003; Preston and Kellogg, 2007; Pabón-Mora et al.,
2013), we did not find significant evidence of taxon-specific
duplications. We did, however, find two genes that did not
fall into a specific subclade. A third Streptosolen gene grouped
sister to the rest of the euFULI clade (76% identity among
the three Streptosolen genes), potentially the result of a taxon-
specific duplication followed by sequence divergence. In addition,
a Schizanthus gene grouped sister to the euFULII clade (77%
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pairwise identity with Schizanthus MBP20). This may also be
a divergent genus-specific paralog, but since Schizanthus is one
of the earliest diverging genera (Olmstead et al., 2008; Särkinen
et al., 2013), it is also possible this gene might be a remaining
paralog from the reported whole genome duplication/triplication
that occurred early in Solanaceae diversification (Blanc and
Wolfe, 2004; Schlueter et al., 2004; Song et al., 2012; The Tomato
Genome Consortium, 2012; Albert and Chang, 2014; Bombarely
et al., 2016). Examination of sequences showed that these are not
likely to be splice isoforms. We also found potential evidence
of loss – not every Solanaceae species we studied had a copy
of each euFUL gene. We did not, for example, find FUL2
genes in Iochroma, Fabiana, Solandra, Juanulloa, Schizanthus,
or Goetzia, even though these all had genes in the FUL1 clade
(see Table S1 in Supplementary Data Sheet S1 for a complete
list). However, although this may represent paralog loss, it is
possible we did not recover all gene copies due to PCR primer
mismatches, low expression levels, or the absence of transcript in
the sampled tissue.

In addition to the major shift to fleshy fruit in the Solanoideae
subfamily, fleshy fruits have independently evolved in Cestrum
and Duboisia, and there has also been a reversal to a dry fruit
in Datura (Knapp, 2002). Our analysis does not include genes
from Duboisia, but the euFUL genes from Cestrum and Datura
grouped in positions in the tree that were expected based on their
phylogenetic position, and did not show any notable differences
in sequence from the euFUL genes of their close relatives.

euFULI and euFULII Clade Duplicates
Have Experienced Different Levels of
Purifying Selection
We compared dN/dS ratios between and among Solanaceae
euFULI and euFULII lineages, as well as between sequences
before and after the transition to fleshy fruit, to investigate
if any changes in selection might be correlated with sequence
diversification. All ω values from our analyses are closer to
0 than to 1 (Table 1 and Table S3 in Supplementary Data
Sheet S1), which indicates that all euFUL gene clades are
under strong purifying selection (Yang, 1997; Yang and Nielsen,
2000; Torgerson et al., 2002; Almeida and Desalle, 2009).
Studies suggest that this is the norm for most protein coding
genes, and that under such stringent evolutionary constraints,
slight differences in evolutionary rates may result in functional
diversification (Yu et al., 2017). Our data show a weakening
of purifying selection in FUL1 genes relative to FUL2 genes
(ω = 0.17 vs. 0.11, p < 0.0005) and in MBP10 genes relative
to MBP20 genes (ω = 0.19 vs. 0.15, p < 0.01). Immediately
after the euFULI duplication, the FUL1 and FUL2 lineage genes
would have been fully redundant, which might have allowed the
reduction in purifying selection on the FUL1 genes resulting in
potential functional divergence. Similarly, the duplication that
resulted in the two euFULII gene clades would have resulted in
redundancy in the MBP10 and MBP20 lineages, possibly allowing
the more rapid diversification of MBP10 genes.

Although studies indicate that the euFULI genes of tomato
have novel functions compared to those in dry fruit (Gu et al.,

1998; Smykal et al., 2007; Bemer et al., 2012; Shima et al., 2014;
Wang et al., 2014), it remains unclear whether the new functions
are the result of changes in coding sequences, regulatory regions,
or downstream gene targets. Our analysis shows that euFUL genes
in both dry- and fleshy-fruited species are evolving at similar
rates (Table S3 in Supplementary Data Sheet S1). This suggests
conservation of the coding sequences in both fleshy- and dry-
fruited species despite the central roles in the development of
these distinct fruit morphologies.

Sixty-four of the sequences in our analysis were from fleshy-
fruited species whereas only 42 were from dry-fruited species.
Although, we had broad representation across the dry grade, it is
possible with additional representation from dry fruited species,
more evolutionary patterns would be revealed (Anisimova et al.,
2001; Domazet-Loso, 2003; Nielsen et al., 2005).

FUL1 and MBP10 Proteins Show Amino
Acid Changes in Conserved Functional
Domains
An analysis of selection across an entire sequence may indicate
different types of selection for the whole gene, but this overlooks
the fact that key residues may be undergoing rapid evolution
that may result in functional changes (Ota and Nei, 1994;
Nei et al., 1997; Yang and Bielawski, 2000; Piontkivska et al.,
2002; Martinez-Castilla and Alvarez-Buylla, 2003; Jeffares et al.,
2006). Other empirical studies have further described functional
changes due to a change in a single amino acid residue (Ingram,
1957; Hanzawa et al., 2005; Hichri et al., 2011; Zhao et al., 2012;
Fourquin et al., 2013; Dai et al., 2016; Sakuma et al., 2017)
specifically associated with changes in polarity (Schröfelbauer
et al., 2004; Hoekstra et al., 2006) or conformation (Aseev
et al., 2012). Studies in A. thaliana, show that a single amino
acid mutation in GLABRA1 (GL1) results in the inhibition of
trichome formation (Dai et al., 2016) and a change of a single
residue is sufficient to convert the function of TERMINAL
FLOWER 1 (TFL1), which inhibits flower formation, to that of
the closely related FLOWERING LOCUS T (FT), which promotes
flowering (Hanzawa et al., 2005). Three-dimensional modeling
has also shown that a single amino acid change in a highly
conserved domains may lead to changes in protein–protein
interactions (Teng et al., 2009; David et al., 2012; Li et al., 2014).
We searched for individual sites in the predicted amino acid
sequences that showed evidence of positive selection within the
gene groups that, although under purifying selection, were found
to have statistically significantly accelerated evolutionary rates
(i.e., the FUL1 and MBP10 clades) to determine if any amino acid
changes at these sites had the potential to result in a change in
protein function.

Our findings show that more residues are rapidly changing
in the K domain compared to the M and I domains (Figure S4
in Supplementary Data Sheet S1). The K domain is predicted
to have an α-helix structure that facilitates protein–protein
interactions (Figure S5 in Supplementary Data Sheet S1) (Yang
et al., 2003a,b; Kaufmann et al., 2005; Immink et al., 2010). The
α-helix structure depends on conserved hydrophobic residues
spaced through the domain (Eisenberg et al., 1982). Therefore,
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changes to protein residues that alter charge and/or conformation
in this region can lead to changes in such interactions. Most of
the rapidly evolving sites did not show an amino acid change
specifically associated with the shift to fleshy fruit, but rather
showed changes and reversals over the course of gene evolution.
Interestingly, in the FUL1 proteins, we found one site in the
K domain, corresponding to the 153rd residue in the tomato
protein (Slugina et al., 2018), at which 11 out of 15 sequences
from dry-fruited species have a negatively charged glutamate (E)
residue. In comparison, 100% of the fleshy clade contains a non-
polar residue: valine (V) (13 species) or methionine (1 species).
However, since the remaining four FUL1 sequences from dry-
fruited species have non-polar glutamine (Q) or V at this site, the
change from charged to non-polar is not associated with the shift
to fleshy fruit. In addition, a PROVEAN analysis predicted the
changes at this site to be neutral with regards to function.

Two other sites in the FUL1 K domain show changes that
are predicted to have functionally deleterious consequences
according to our PROVEAN analysis (Choi, 2012; Choi et al.,
2012; Choi and Chan, 2015). These include a charged histidine
(H) to a non-polar glutamine/asparagine (Q/N) transition
at the 95th residue and a charged lysine (K) to non-polar
glutamine/threonine (Q/T) transition at the 157th residue
(Figure S5 in Supplementary Data Sheet S1). Polar residues
are important for protein–protein interactions of the K domain
α-helix (Sheinerman et al., 2000; Curran and Engelman, 2003;
Ma et al., 2003; Zhou et al., 2018) and changes might disrupt
interactions with other proteins (Liu et al., 2014). However,
since these changes are not correlated with the fruit type, it
seems unlikely that any alteration to protein function affects
fruit morphology. It is also plausible that any negative effect at
these sites is masked by the FUL2 paralog, which is likely to be
functionally redundant (Bemer et al., 2012; Wang et al., 2014).
This is consistent with FUL1 evolving relatively faster (Table 1
and Table S3 in Supplementary Data Sheet S1), thus enabling
divergence compared to FUL2, which appears to be more highly
functionally conserved based on stricter sequence conservation.

None of the sites undergoing positive change in the K domain
of MBP10 showed a change in charge, suggesting these changes
are not likely to affect protein function. We also observed residues
in the M domain that are under diversifying selection in both
the FUL1 and MBP10 clades. These residues are located not in
the α-helix region that directly binds to DNA, but in the β-sheet
region of the MADS domain (Figure S4 in Supplementary
Data Sheet S1) (Immink et al., 2010). β-sheets are important
for protein arrangement in three dimensional space. Therefore,
any changes in this region might change protein conformation,
influencing DNA binding of the α-helix as well as the ability of the
euFUL proteins to form higher order complexes (Pellegrini et al.,
1995). However, these shifts were reversible, with no phylogenetic
pattern or change in charge, and there was no correlation with the
fruit type. Therefore it is unlikely that these shifts have significant
functional impact.

A previous report that investigated the evolution of MADS-
box genes in A. thaliana also found rapidly evolving sites in
the M and K domains of Type II MADS-box proteins, which
might have been involved in the functional diversification of this

group, but did not report changes in the I domain (Martinez-
Castilla and Alvarez-Buylla, 2003). Residues in this domain that
are directly involved in forming an α-helix structure are expected
to be highly conserved, whereas the remaining residues may
not be under such constraints (Yang et al., 2003a,b; Kaufmann
et al., 2005). We found residues in the conserved region of the I
domain that are undergoing diversifying selection in both FUL1
and MBP10 clades. Of these, one site in FUL1 and three sites
in MBP10 had undergone changes in charge but none were
predicted to negatively affect the function (Figures S4, S5 in
Supplementary Data Sheet S1). In addition, as with the sites
in the M and K domains, none of these was correlated with
the Solanaceae phylogeny or changes in fruit morphology. It has
been reported that higher rates of substitution in lineages that
show weakened purifying selection or even diversifying selection
may be occurring at residues of minimal functional importance
(Jacobsen et al., 2016). This might explain the apparent ease of
reversibility and lack of phylogenetic signal among the rapidly
changing sites we observed.

The MBP10 and MBP20 Clades Are the
Result of a Tandem Duplication Event
The FUL1 and FUL2 genes of tomato are located on different
chromosomes (6 and 3, respectively), which is consistent with
the proposed Solanaceae whole genome duplication (Blanc
and Wolfe, 2004; Schlueter et al., 2004; Song et al., 2012) or
triplication (The Tomato Genome Consortium, 2012; Albert
and Chang, 2014; Vanneste et al., 2014; Bombarely et al., 2016)
followed by loss of one paralog. The lack of a FUL2 ortholog
in our dataset from Goetzia or Schizanthus (Figure 2), the
two earliest diverging genera that we included in our analyses,
raises the possibility that the FUL1/FUL2 clades originated via a
duplication that occurred after the diversification of these genera,
and not as a result of a whole genome event that preceded
the diversification of the family. Whole genome sequences from
multiple early diverging lineages will be needed to determine the
timing and nature of these early events.

We did not recover an MBP10 ortholog from any of the genera
that diverged prior to Brunfelsia (Figure 2 and Figure S2 in
Supplementary Data Sheet S1). Our investigation revealed that
in tomato, both MBP10 and MBP20 are located on chromosome
2, about 14.3 million base pairs apart. The 1 million base-pair
region surrounding each gene shows synteny, but the order
of the homologous regions is reversed (Figure 3). Together,
this suggests that the MBP10/MBP20 clades are the result of a
tandem duplication accompanied by an inversion (Purugganan
et al., 1995; Vision et al., 2000; Achaz et al., 2001; Prince and
Pickett, 2002). Supporting this, a previous report that investigated
genomic duplication events in tomato also found evidence for
large-scale intra-chromosomal duplications in chromosome 2
(Song et al., 2012). Although the authors suggest this event was
concurrent with a whole genome duplication at the origin of the
family, they give a large window, 36–82 million years ago (MYA),
for the timing of this event. The stem age of the family is predicted
to be approximately 49 MYA (Särkinen et al., 2013), indicating
that this duplication might have happened later in Solanaceae
diversification. Our data suggest that this duplication event is
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independent of the reported whole genome events, occurring
prior to the diversification of the Brunfelsia clade but after the
event that produced the FUL1 and FUL2 clades (Figure 2 and
Figure S2 in Supplementary Data Sheet S1).

The expected topology for the euFULII clade, based on a
duplication prior to the divergence of the Brunfelsia clade, would
be a paraphyletic grade of pre-duplication euFULII genes, from
species that diversified prior to Brunfelsia, and nested MBP10
and MBP20 clades that would include post-duplication genes
from all species that diversified subsequent to the duplication.
However, in our tree, the pre-duplication genes do not form
such a basal grade (Figure 2). Rather, they form a clade
with the post-duplication MBP20 genes. The results of our
PAML analyses indicate that the MBP20-clade genes show less
sequence divergence than MBP10 genes; this higher degree of
similarity among pre-duplication sequences and post-duplication
MBP20 genes may underlie their grouping into one clade
(Pegueroles et al., 2013).

Our results indicate that the euFULII duplication occurred
prior to the origin of the clade containing Brunfelsia. We would
therefore expect to find both an MBP10 and an MBP20 in
all species of that clade. However, we did not find an MBP10
ortholog in members of this clade other than Brunfelsia. MBP10
appears to have been lost from the genome of Petunia, based
on analyses of multiple fully sequenced genomes (Bombarely
et al., 2016), and potentially from Plowmania and Fabiana.
We were able to recover MBP10 orthologs from Nicotiana and
most other later-diverging genera. However, our analysis includes
fewer species from the dry grade of the Solanaceae phylogeny
than the fleshy-fruited Solanoideae clade (17 out of 45) and
even fewer species that diverged prior to Brunfelsia (7). In the
MBP10 clade in particular, our analysis includes 13 orthologs
from species in the fleshy-fruited clade but just four from the dry-
fruited species, and our analysis only includes sequence data from
four genera that diverged prior to the origin of the Brunfelsia
clade (Streptosolen, Cestrum, Goetzia, Schizanthus) (Figures 1, 2).
Thus there may be genera that originated prior to Brunfelsia that
contain MBP10 that our sampling did not include. Floral and
fruit transcriptomes, which provided MBP10 orthologs from later
diverging species, yielded no MBP10 sequences from Cestrum
and Schizanthus; nonetheless, whole genome sequences of early
diverging species are needed to determine the timing of the
MBP10/MBP20 duplication.

euFULII Expression Divergence May Be
Associated With Cis-Regulatory
Re-coupling
Our analysis of Solanaceae euFUL homologs show that FUL1
and FUL2 are broadly expressed in leaves, flowers, and fruit
(Figure 4 and Figure S1 in Supplementary Data Sheet S1).
This overall similarity in expression may indicate a conservation
of cis-regulatory elements in gene copies following duplication
(Haberer et al., 2004). Supporting this, our investigation into
the number of putative TF binding sites in the promoter
region of euFULI homologs did not reveal statistically significant
differences (Table S4 in Supplementary Data Sheet S1). In

tomato fruit development, FUL1 expression increases with time,
whereas FUL2 expression reaches a maximum at early stages
and then decreases over later stages (Figure 4 and Figure S1
in Supplementary Data Sheet S1). This variation in expression
associated with the developmental stages might be due to changes
in cis-elements as a result of the accumulation of random
mutations over time (Force et al., 1999; Haberer et al., 2004).

Our analysis did find differences in the number and location
of predicted binding sites for specific TFs or families, for instance
for ARF, STK, and EIN3 TFs, which may account for the types of
differences in expression seen between euFUL paralogs. The 5 kb
region upstream of the FUL1 transcription start site in tomato
contains three putative ARF binding sites but the corresponding
region of FUL2 in tomato contains no such motifs (Table S4 in
Supplementary Data Sheet S1). ARF TFs, important in tomato
fruit development, are activated in response to auxin and may
upregulate or repress downstream genes (de Jong et al., 2010,
2015; Liu et al., 2018); the absence of binding sites from the FUL2
promoter is the type of factor that might underlie differences
in expression observed between FUL1 and FUL2. Predicted STK
binding sites are only found in the promoters of potato FUL1,
tomato FUL2 and woodland tobacco MBP10. STK and STK-
like proteins appear to function in storage protein synthesis,
glucose reception, and vegetative and reproductive development
(Zourelidou et al., 2002; Curaba et al., 2003; Bömer et al., 2011;
Chung et al., 2016; Nietzsche et al., 2017). Meanwhile, the 2 kb
upstream region of FUL2 contains a putative site for EIN3. This
protein is involved in the development of tomato in response
to ripening-associated ethylene production (Tieman et al., 2001).
No such motifs are found in the corresponding region of FUL1.
In contrast, the 2–5 kb region in FUL2 contains four putative
sites for EIN3 while the corresponding region in FUL1 contains
three such sites (Table S4 in Supplementary Data Sheet S1).
Such variation in number and location of TF binding sites has
been shown to be associated with the temporal differences in gene
expression (Lebrecht et al., 2005; Liu et al., 2006; Giorgetti et al.,
2010; Guertin and Lis, 2010; White et al., 2013; Ezer et al., 2014;
Levo et al., 2015; Payne and Wagner, 2015).

Whereas the euFULI members largely overlap in spatial
expression with some variation associated with developmental
stages, the euFULII homologs show less consistent spatial
expression patterns. Only MBP20 is expressed in tomato roots
and potato fruit while only MBP10 is expressed in potato
tubers (Figure 4). However, these “on” or “off” expression
patterns cannot be explained by the presence or absence of
any putative TF binding sites (Table S4 in Supplementary
Data Sheet S1). These two paralogs, which appear to be
the result of a tandem duplication and inversion, are located
approximately 14.3 Mbp apart (Figure 3) on chromosome 2.
Although gene clusters resulting from tandem duplications are
often coexpressed, this is not the case when there are large
physical distances between the genes (Lercher et al., 2003).
An investigation into the expression of human transgenes in
mice also found changes in expression as a consequence of
an inversion, possibly through disrupting enhancer activity or
changes to chromatin structure (Tanimoto et al., 1999; Vogel
et al., 2009; Puig et al., 2015). Chromosomal rearrangements
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such as inversions may also result in novel connections between
coding regions and other promoters or long distance regulatory
motifs while disrupting the original regulatory mechanisms
(Kmita et al., 2000; Lupiáñez et al., 2015). This sort of re-coupling
of one of the two paralogs might lead to the types of contrasting
expression patterns observed for MBP10 and MBP20. However,
the expression patterns are not consistent across species (Figure 4
and Figure S1 in Supplementary Data Sheet S1) and this might
be due to additional changes following the inversion (Cosner
et al., 1997; Lupski, 1998; Haberle et al., 2008; Chiang et al.,
2012). An in-depth analysis of the entire loci and their genomic
environment for all paralogs in multiple species would be
necessary to determine if the tandem duplication and inversion
are associated with changes in proximity to heterochromatin,
additional rearrangements, or other phenomena that might have
altered gene expression.

MBP10 Shows Signs of
Pseudogenization
The first intron of some MADS-box genes contains cis-elements
important for the regulation of expression (Gazzani et al.,
2003; Michaels et al., 2003; Schauer et al., 2009). Studies have
found that deletions in the first intron of a FUL-like gene in
Aegilops tauschii alters expression and results in the loss of
the vernalization requirement (Fu et al., 2005; Takumi et al.,
2011). Consistent with this, the first introns of angiosperm
euFUL orthologs are generally in the range of 1–10 kb (Table 2)
(Takumi et al., 2011). In contrast, tomato MBP10 has a short
first intron of 80 bp. We compared the putative TF binding
sites in the first introns of MBP10 and MBP20 in tomato to
characterize potential loss of such sites, which might suggest
reduced gene regulation. The first intron of MBP10 is predicted
to have no TF binding sites, while the first intron of MBP20
is predicted to contain 88 TF binding sites (Figure S3 in
Supplementary Data Sheet S1). These included binding sites
for MYB, HSF, Dof, WRKY, and MADS-box TFs. Specific
TFs predicted to bind to these sites include MYB2 and C1
(MYB), which play roles in anthocyanin accumulation and
lignin biosynthesis, PBF (Dof), which plays a role in endosperm
storage protein accumulation, and SPF1 (WRKY), thought to
function in fruit ripening (Bovy et al., 2002; Fei et al., 2004;
Hwang et al., 2004; Lee et al., 2010; Xu et al., 2014; Jun
et al., 2015). A similar pattern was found in analysis of the
first intron of MBP10 in Nicotiana obtusifolia, which is 110 bp
(Table 2). This analysis found three putative TF binding sites
for MYB2 and one for PBF. By contrast, the first intron of
N. obtusifolia MBP20 is predicted to have 133 TF binding sites
and include a repertoire similar to those found for tomato
MBP20. To determine whether the difference in TF binding
site number between the paralogs represented a gain of sites
in the MBP20 genes or a loss in the MBP10 genes, we also
searched for TF binding sites in the first intron of AGL79,
the single euFULII ortholog in A. thaliana (Gao et al., 2018).
We found that it contains 49 predicted TF binding sites for
five different TFs in four families: MYB (MYB2, GAMYB),
HSF (HSF1), WRKY (SPF1), and GT-box (GT-1). Although

this number is substantially smaller than the number of sites
predicted in the first introns of the Solanaceae MBP20 genes,
the results suggest that there has been a loss of TF binding
sites in MBP10.

Core-eudicot euFUL and basal-eudicot FUL-like genes
frequently have broad expression patterns and are generally
expressed in fruit (Ferrándiz et al., 2000; Shchennikova et al.,
2004; Kim et al., 2005; Hileman et al., 2006; Bemer et al.,
2012; Pabón-Mora et al., 2012, 2013; Scorza et al., 2017).
Therefore, the absence or extremely weak expression of
MBP10 in fruits of all species, and its weak expression in
most organs of tomato and potato is notable (Figure 4 and
Figure S1 in Supplementary Data Sheet S1). This relatively
weak expression may at least in part be due to the loss of TF
binding sites in the first intron and suggests a potentially
reduced role in regulating fruit-related developmental
processes. Importantly, the loss of putative TF binding sites
and low expression, combined with the faster evolutionary
rate, suggest MBP10 might be in the process of becoming a
pseudogene. Further support for this hypothesis comes from
an examination of the MBP10 sequences, which suggests that
at least two of the sequences in our study (from N. sylvestris
and Dunalia spinosa) show a frameshift that would result in an
premature stop codon.

CONCLUSION

Our results suggest that there was a weakening in purifying
selection following the euFUL gene duplications in Solanaceae,
resulting in coding sequence diversification in FUL1 and MBP10
clades relative to FUL2 and MBP20. Expression of the euFULI
genes is broad, while the euFULII genes have contrasting patterns
at the organ level, potentially resulting from cis-regulatory
changes associated with the inversion event. We also found
evidence to suggest that the MBP10 clade is becoming a
pseudogene. Although at least some clades of Solanaceae euFUL
genes took on new functions associated with the development
of fleshy fruit we did not find any amino acid shifts that were
correlated with the change in fruit type. It is also possible
that the novel functions are a consequence of downstream
changes, perhaps as the result of changes in binding partners
or targets. Therefore, the mechanism underlying the shift in
euFUL function from dry to fleshy fruit in Solanaceae awaits
additional analyses.
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